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ABSTRACT 
 
Centrifugal pumps play an important role in engineering applications since they are commonly 
used in industrial and residential systems, covering wide range of flow rates. Improving the 
performance of turbomachines such as the centrifugal pumps can be difficult to achieve, since 
the flow is turbulent with unsteady behaviour and cavitation. Cavitation is a complex 
phenomenon that is commonly considered as one of the main causes of deterioration in pump 
performance. Diagnosing cavitation and detecting its level of severity are essential for 
maintaining the pump’s reliability. Continuous condition monitoring of the pump is important 
to increase its operational life, decrease maintenance costs and hence, enhance the reliability 
of the pump. Early detection of cavitation can also improve the pump’s life expectancy by 
adopting various preventative actions. In this research, the first technique used for detecting 
cavitation is Computational Fluid Dynamics because it can provide suitable visualisation and 
reasonably accurate information, regarding the behaviour of fluid flow in the pump. In this 
work, both qualitative and quantitative analyses were carried out through a wide range of 
operating conditions and different geometrical configurations of a centrifugal pump under 
single-phase and cavitation conditions. Both, global and local flow field characteristics were 
investigated for better understanding. For qualitatively analysis, contours of static pressure and 
velocity magnitude under single-phase conditions and vapour volume fractions contour under 
cavitation conditions were adopted. On the other hand, the head and pressure variation in both 
time and frequency domains were analysed for qualitative analysis. The results showed that, as 
the pump rotational speed, number of impeller blades, and the outlet impeller diameter increase 
the head of the pump increases as well as the occurrence of cavitation. Based on the extensive 
numerical investigations for variety of operational and geometrical parameters, novel semi-
empirical correlations under single-phase and cavitation conditions for the pump head and 
power coefficients were developed. Developments of aforementioned relations were carried 
out using multiple regression analysis technique. The second and third research areas consist 
of an extensive experimental analysis on the effects of operating conditions on the pump 
performance to predict cavitation using vibration and acoustic signature analyses. Detailed 
experimental investigations were carried out for the detection and diagnosis of cavitation, with 
the aid of sophisticated equipment and sensors. The condition monitoring was experimentally 
carried out in both, time and frequency domains analyses. Time domain method was applied 
to analyse the vibration and acoustic signals in time waveform analysis (TWFA). These 
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signatures were analysed using different statistical parameters such as peak, root mean square 
(RMS), peak-to-peak and variance. In addition, transforming and analysing these signals in 
frequency domain was made by using Fast Fourier Transform technique. Analyses of these 
signals in frequency domain were also carried out using different statistical parameters such as 
mean and RMS features under wide various frequency ranges. The results revealed that using 
cavitation detection index (CDI) was a powerful technique, which can be used in both time and 
frequency domains for detecting cavitation and comparing the sensitivity of the vibration and 
acoustic techniques in estimating earlier stage of cavitation. Moreover, vibration technique was 
more sensitive to detect different levels of cavitation, especially inception of cavitation as 
compared to acoustic technique. This research has also found that the range of frequency 
between 0Hz to 15kHz was more sensitive to detect cavitation in the pump at the early stages. 
However, further investigation indicated that a frequency range of 1Hz to 2kHz was also 
effective on predicting the cavitation. Based on these findings, it can be suggested to use low 
range of frequency sensors (accelerometer and microphone) to capture the cavitation 
phenomenon instead of higher range of frequency, which are more expensive. 
In addition, it was found that all three techniques adopted in this investigation such as; CFD, 
vibration and acoustic techniques are well capable to analyse cavitation behaviours under 
different operating conditions. Moreover, it was observed that the numerical results and 
vibration technique can detect the inception of cavitation within a pump earlier than the 
acoustic technique. The results also revealed that, the combined use of these techniques 
(numerical and experimental) could increase the reliability. The combined method can be a 
considered to be a robust method, which can provide detailed information about the 
performance of the pump and detection/diagnosis of cavitation within a centrifugal pump. 
Hence, this will assist in prolonging the life of the pump and protect the system from emergency 
shutdown. 
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NOMENCLATURE 
 
A Cross-sectional area m2 
BPF Blade passing frequency Hz 
CFD Computational Fluid Dynamics  
CDI Cavitation Detection Index    
CMT Condition Monitoring Techniques  
d1 Suction pipe diameter m 
d2 Discharge pipe diameter m 
D1 Inlet impeller diameter m 
D2 Outlet impeller diameter m 
FDA Frequency Domain Analysis  
f Darcy friction factor  
g Gravitational acceleration m/s2 
H Head of the pump m 
Hf   Friction losses in pipes m 
Hi 
Safety factor including all suction side losses (friction losses 
in valves, pipes, fittings and pump inlet) 
m 
Hs Static suction head m 
Ht Total head m 
Htin Total suction head m 
Htout Total discharge head m 
L Length of pipe m 
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N Pump rotational speed rpm 
N1 Number of vapour bubbles per unit volume of fluid  
n Total numbers of signals   
NPSH Net Positive Suction Head m  
NPSHA Net Positive Suction Head Available  m  
NPSHR Net Positive Suction Head Required  m 
P Power W 
P1 Suction pressure Pa 
P2 Discharge pressure Pa 
Patm Atmospheric pressure Pa 
pl Liquid pressure      Pa  
Pv Vapor pressure Pa 
Ps Suction pressure  Pa 
Q Flow rate l/min  
RB Bubbles radius mm 
Rc 
Mass transfer source terms connected to the growth and 
collapse of the vapour bubblesHz 
 
Rf Rotational frequency Hz 
RMS root mean square value  
𝑆?̅? Mean uncertainty value   
TDA Time Domain Analysis   
TWFA Time Wave Form Analysis  
tw Wall shear stress Pa  
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u∗ Friction velocity   
V V  Mean velocity of the fluid flowing in the pipe m/s 
V1 Velocity at suction side of the pump m/s 
V2 Velocity at discharge side of the pump m/s 
𝑥𝑖   Total of elements   
?̅? The set of elements   
𝑥𝑘 Set of signals  
y+ Dimensionless wall distance  
Z Number of impeller blades                 
Z1 Elevation in suction side of the pump m  
Z2 Elevation in discharge side of the pump m  
    
SYMBOLS 
 
ρ                                 Water density  (Kg/m3) 
μ                                 Dynamic Viscosity  (Pa-sec) 
v                                 Kinematic viscosity of the liquid  (m2/s) 
ϒ                         Specific Weight  (N/m3) 
ρv                              Vapour density  (kg/m3) 
ρl                               liquid density  (kg/m3) 
∝v                             Vapour volume fraction  
ρm                            Mean density  (kg/m3) 
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τ Shear stress Pa 
σx                             Standard deviation   
л                                Pi  
SUBSCRIPTS 
 
a                              Available  
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B                             Bubbles   
f                                          Friction  
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1 CHAPTER 1 
1 INTRODUCTION 
 
 
 
 
Centrifugal pumps are broadly used in manufacturing and for domestic purposes. The principle 
function of the centrifugal pump is to transfer fluid through the flow system and to increase the 
energy of the fluid. This chapter includes a brief history of pumps and introduces pumps by 
referring to their applications and types. For a better knowledge of the working principle of the 
centrifugal pump, the parts of the pump are explained along with the performance curve of the 
pump. Besides, this chapter presents the issues encountered (cavitation) during the operation 
of a centrifugal pump. In addition, it provides the influence of cavitation on the pump. 
Moreover, it introduces various monitoring techniques that can be applied for detecting and 
predicting cavitation with a particular emphasis on condition monitoring. Furthermore, it 
describes the motivation, aims of the research as well as the thesis structure. 
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1.1. Brief Introduction to Pumps History  
The requirement to transfer liquid from one position to another, affects almost all walks of life. 
In the past, different numbers of tools have been used in order to move liquid. The Egyptians 
invented the shadoof device to transfer water in 2000 BC. The simple design of the shadoof 
included a long suspended rod with a bucket at one end and a weight at the other end [1] as 
shown in Figure 1-1 (a) [2]. 
  
(a)                                                                 (b) 
Figure 1-1: (a) The Egyptian shadoof [3], and (b) Archimedean screw pump [4] 
The Greek mathematician Archimedes invented the “screw pump” in 200BC, which is still 
used in the third world to irrigate agricultural fields since it can be operated without consuming 
electrical power [1] as depicted in Figure 1-1 (b). Later Agostino Ramelli, an Italian engineer, 
invented the first sliding vane water pump in the year 1588. Another invention of the pump 
was by a German engineer Pappenheim in the year 1636 when he designed a double deep-
toothed gear pump. Otto van Guericke invented a new type of pump (piston vacuum pump) in 
the year 1650. He used leather washers in order to prevent leakage between the piston and 
cylinder. Sir Samuel Moreland invented the plunger pump in the year 1675, which was capable 
of raising high quantities of water. Denis Papin a French-born scientist developed the first 
centrifugal pump in the year 1687. It was designed to have straight vanes and it used for local 
drainage. In addition, Revillion invented the modern screw pump in the year 1830. Henry R. 
Worthington invented the first engine for direct acting steam pumping in 1845. Furthermore, 
the first all-metal pump was casted and assembled by Goulds in 1849. John Appold (British 
inventor) introduced the first curved blade centrifugal pump in 1851 [1,5,7]. The next section 
illustrates the applications and types of pumps. 
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1.2. The Applications of Pumps 
Generally, most of the industrial processes require the transfer of fluids from one place to 
another. Therefore, the pump is an indispensable and essential component for industry as it is 
extensively used for the above purpose. Pumps are used in many applications such as 
agriculture, nuclear power plants, chemical plants, pharmaceutical and petroleum plants [8]. 
Figure 1-2 depicts the use of pumps for various industrial applications. 
 
Figure 1-2: The applications of pumps in industry [9]  
1.3. Types of Pumps 
The size of pumps varies depending on the applications and their types. The classification of 
pumps depends on their operating principles. Figure 1-3 illustrates the categories of pumps. 
According to this Figure, most of pumps can be classified into two main categories, namely 
positive displacement and dynamic pumps. Displacement pumps can be further sub-
categorised as rotary and reciprocating pumps, while dynamic pumps can be sub-categorised 
as axial pumps and centrifugal pumps [10].  
 
Figure 1-3: Types of pumps [11] 
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To make the research more effective, in this work, focus is paid to centrifugal pumps. The 
following sections explain some significant mechanical construction aspects and 
characteristics of the cavitation phenomenon in centrifugal pumps. 
1.4. Centrifugal Pumps 
Generally, the centrifugal pump is a mechanical device that utilizes a rotating impeller to 
transfer electrical energy into hydraulic energy. Figure 1-4 depicts the volute, impeller and 
other common parts in pumps are broadly used in industrial applications. Liquid enters through 
the inlet pipe and moves towards the low-pressure region at the impeller eye. The rotation of 
the impeller pushes the liquid between vanes outward into the volute or diffuser. This 
phenomenon creates a vacuum at the eye of the impeller that increasingly draws liquid into the 
pump and generates a low-pressure region at the impeller eye region. The volute/casing is a 
stationary part that converts the kinetic energy of the liquid into liquid pressure [12]. 
 
Figure 1-4: Centrifugal pump components [13] 
Centrifugal pumps are widely used in industry and the reasons behind that are their high 
efficiency, a wide range of applications, ease of maintenance and operation. Figure 1-5 depicts 
the principal of operation and construction of centrifugal pumps [12]. 
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Figure 1-5: Construction and principal of working in centrifugal pumps [14] 
1.4.1. Centrifugal Pump Components 
Generally, there are numerous designs of centrifugal pumps available for every given 
application. This section will provide a general description of the mechanical components of 
centrifugal pumps [7]. 
1.4.2. Impeller 
The impeller is the first major part of a centrifugal pump. The fluid enters into the impeller at 
the eye of the impeller, and then flows through the impeller channels formed by the blades 
between the hub and shroud, as shown in Figure 1-6. Figure 1-7 depicts the locations of suction 
side, pressure side, leading edge, trailing edge of blade, inlet, and outlet diameters of the 
impeller. Any fault in the impeller may lead to poor performance and reduces the pump’s 
efficiency [9]. In general, there are three types of impellers i.e. open impellers, semi-open 
impellers and closed impellers [12].                                                                                               
 
Figure 1-6: Flow directions in impeller [15] 
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Figure 1-7: Pressure and suction sides, leading and trailing edges in the impeller blade [16] 
1.4.3.  Construction of Impellers 
As mentioned in the previous section, there are three types of impellers, which were categorised 
based on having a cover on the top of the impeller known as a shroud. These three types of 
impellers are described below: 
Open Type 
Figure 1-8 (a) depicts an open impeller, which merely comprises blades attached to the shaft, 
having no cover or shroud. This type of impeller has shorter and weaker blade structure as 
compared to other types. Usually, the primary purpose of open type of impeller is for clog 
resisting applications [12]. Commonly, open type impellers have low efficiency as compared 
to other types of impellers [12]. 
Semi-Open Type 
From Figure 1-8 (b) it is evident that these impellers are composed of a circular plate (shroud) 
only attached to one side of blades. The advantage of semi-open impeller is that the circular 
plate over one side of blades stiffens the blades and provides structural strength to the system 
as compared to open impeller. The semi-open impeller is commonly used for liquids containing 
small amounts of suspended solids in medium diameter pumps [12]. 
Closed Type 
This kind of impeller has a circular plate attached to both sides of blades to maximise the 
strength as shown in Figure 1-8 (c). They are frequently used in different types of pumps, and 
can be applied with fluids that do not contain suspended solids. This type of impellers are 
broadly used for liquids free of impurities in centrifugal pumps [12]. 
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(a) Open type                (b) Semi-open type                    (c) Close type 
Figure 1-8: Types of impellers [17] 
1.4.4.  Volute 
The component that contains the impeller is usually denoted as the volute, which is also referred 
to as casing as well. The volute is composed of a curved passage that increases in area where 
it approaches the discharge port. The volute of centrifugal pumps is a casing that receives the 
liquid being pumped through the impeller. A volute converts kinetic energy of the liquid into 
pressure by decreasing flow velocity [18]. Commonly, centrifugal pumps have four kinds of 
volutes that are widely utilised, such as single, double, diffuser and circular volutes, as shown 
in Figure 1-9 [12]. 
 
Figure 1-9: Types of volute for centrifugal pumps [12] 
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1.5. Performance Curves of Centrifugal Pumps 
The performance of the pump is measured via different standard quantities such as head, flow 
rate and pump rotational speed [19]. Usually, the performance curve of the pump is presented 
by plotting head and power against the flow rate. 
1.5.1. Flow Rate 
The flow rate parameter is one of the most significant parameters in centrifugal pumps. 
Generally, the flow rate is defined as the volume of liquid that passes through a particular cross-
section area per unit time. Several factors influence the flow rate such as pump size, liquid 
properties, rotational speed, pump geometry, pump suction, impeller size, and the pressure 
conditions [9]. The flow rate can be calculated via the below equation: 
                                                               Q = V A                                                       (1-1) 
Where, A denotes a cross-sectional area (m2), and V represents the mean velocity of the liquid 
flowing in the pipe (m/s). 
1.5.2.  Head  
The head of the pump is a major factor in centrifugal pumps, and it can be measured in length 
scale, having an SI unit of metre (m) [18]. Figure 1-10 illustrates the relationship between static 
and dynamic head at suction and discharge sides of the pump. The total head of a pump can be 
calculated as below equation [13]. 
 
Figure 1-10: Inlet and outlet centrifugal pump parameters 
                                                                             (1-2) 
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1.6. Pump Characteristic Curves 
For each pump, manufacturers provide the characteristic curve of the pump. There are four 
characteristic curves: 
 H versus Q: Differential head of the pump versus flow rate. 
 Efficiency versus Q: Efficiency versus flow rate of the pump. 
 Power versus Q: Input power versus flow rate. 
 NPSHR versus Q: Net Positive Suction Head Required versus flow rate. 
Typically, the centrifugal pump’s performance curves are developed by plotting efficiency, 
power and head against the flow rate of the pump as depicted in Figure 1-11. Therefore, the 
best efficiency point (BEP) will indicate the point on the performance curve of the pump that 
results in the maximum efficiency of the pump. Working beyond the BEP causes significant 
decrease in the performance and operational life of the pump [12]. The net positive suction 
head (NPSH) represents the difference between the liquid’s absolute pressure in the system and 
the vapour pressure of the liquid at a given temperature. Therefore, the value of NPSH is a 
significant parameter in designing a centrifugal pump because when the liquid pressure drops 
below the vapour pressure, that leads to increase the potential for cavitation occurrence [12]. 
 
Figure 1-11: Centrifugal pump performance curves [12] 
Usually, pump manufacturers supply NPSHR curve for the inlet pressure of the pump where 
severe cavitation may happen. However, this value differs with the physical properties of the 
liquid and surface roughness of pipes [20]. 
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1.6.1. The Affinity Laws 
Affinity laws are derived from the basis that flow rate, head and power. Fluid flow rate defined 
by the following [18]: 
                                  𝑄 = UA = { A α r
2α D2 
U α N. r α N. D
                                                    (1-3) 
                                                     Q α N. D                                                                  (1-4) 
Head is a function of two variables velocity and diameter as indicated in below equation [18]:  
                                                     H α (N. D)2                                                     (1-5) 
Power, P, defines as a function of flow and head is then denoted by referring to equations [18]: 
                                                    P =  Q. H                                                                 (1-6) 
                                              P α (N. D)3                                                      (1-7) 
All above equations represent the general affinity laws applicable for pumps. These laws can 
be defined as mathematical equations between different variables including capacity of the 
pump (Q), head (H), pump rotational speed (N), power (P) and impeller diameter (D). The 
capacity of pump (Q), according to the affinity laws is directly proportional to the pump 
rotational speed ratio as well as the ratio of the impeller diameters as given in below equations 
[18]:  
                                                      Q2 = Q1 ∗  
N2
N1
                                                           (1-8) 
                                                      Q2 = Q1 ∗  
D2
D1
                                                           (1-9) 
Also, the pump head is proportional to the square of the pump rotational speed and the impeller 
diameter as shown in equations (1-10) and (1-11) [18].  
                                                       H2 = H1 ∗  [
N2
N1
]
2
                                                 (1-10) 
                                                       H2 = H1 ∗  [
D2
D1
]
2
                                                 (1-11) 
The power is proportional to the cube of the pump rotational speed and the impeller diameter 
as shown in below equations [18].   
                                                        P2 = P1 ∗  [
N2
N1
]
3
                                                       (1-12) 
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                                                        P2 = P1 ∗  [
D2
D1
]
3
                                                    (1-13) 
1.7. Failure in Centrifugal Pumps 
Centrifugal pumps can fail during their long operational services as a consequence of issues 
that emerge inside the liquid (e.g. cavitation) and mechanical faults (e.g. impeller and bearing 
faults). The following section provides a brief overview of the most common failure in 
centrifugal pumps. 
1.7.1. Cavitation  
The term cavitation is originated from the word 'cavus', which means hollow or cavity. The 
Webster dictionary defines “cavitation” as rapid formation and collapse of flowing fluid in 
low-pressure area [21]. It is known that cavitation is regarded as one of the most common issues 
that occurs at the inlet side of the pump [12]. The fast collapsing of vapour bubbles causes high 
local pressure that results in pitting and severely damages the impeller blades as well as 
generating vibration and noise. Consequently, the collapsing bubbles decrease the performance 
of the pump [22].  
1.7.2. The Effects of Cavitation on Performance of the Pump  
Cavitation is an unwanted phenomenon in a centrifugal pump as it causes reduction in 
efficiency, and increase in vibration, noise, and erosion. The measured NPSHA and NPSHR 
are very important parameters for comprehending the occurrence of cavitation within a pump 
[21]. When a pump operates under cavitation conditions for a long period of time, the following 
can occur: 
 Early bearing failure 
 Pitting marks on the internal volute casing wall and the impeller blades  
 Early mechanical seal failure 
 Failure or fatigue in the shaft or other part of the pump 
1.7.3. Mechanisms of Damages Caused Through Cavitation 
When cavity implosions are sufficiently strong, cavitation erosion occurs and may affect 
nearby solid material. Cavitation erosion can be recognised through the specific rough marks 
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on the surface of the pump components when it runs under cavitation conditions for a lengthy 
period of time [23]. 
Collapse of Bubbles 
This mechanism is related to the phenomenon where the collapsing bubbles become unstable 
resulting in their collapse on a nearby solid surface. Observations reveal that the development 
of spherical asymmetry takes the shapes of a rapidly accelerating jet liquid, allowing the bubble 
to enter from the furthest side of the wall as shown in Figure 1-12 [24]. 
 
Figure 1-12: Collapse of bubbles due to cavitation [25] 
This cavitation mechanism inside the centrifugal pump through the bursting bubbles causes 
several unfavourable impacts such as deterioration of the pump performance (reduce the head 
and efficiency), erosion and pitting the material of the pump [26]. Therefore, evaluating the 
level of cavitation and detecting this issue at an early stage is very important in the pump [27]. 
1.8. Cavitation in Centrifugal Pumps 
Generally, inception of cavitation describes the starting stage of cavitation within a pump. 
However, at this stage it is necessary to differentiate between appearance and disappearance of 
cavitation conditions. In centrifugal pumps, the term cavity demonstrates the dynamic 
formation of internal bubbles in the fluid, which grow and then collapse as the fluid flows 
through a pump [21]. Figure 1-13 depicts two conditions inside the centrifugal pump without 
and with cavitation. The following section provides a brief overview of the cavitation 
symptoms within a centrifugal pump. 
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Figure 1-13: Centrifugal pump without and with cavitation [12] 
1.8.1. Cavitation Symptoms 
There are several symptoms that indicate the occurrence of cavitation within the pump. The 
occurrence of cavitation has significant impact on the performance of the pump and in severe 
cases; it might damage essential components of the pump. Therefore, it is essential to identify 
the symptoms of cavitation occurrence, which are described in the following section. 
 Decrease the Head of the Pump 
A sudden decrease in the head of the centrifugal pump is one of the important indicators of 
cavitation occurrence, when the flow rate increases the pressure at the eye of impeller 
decreases. After a certain flow rate, an increase in flow rate will reduce the pressure at the eye 
of impeller this will cause cavitation in the pump.         
 Pump Pitting and Corrosion 
When the centrifugal pump operates under cavitation conditions for a long time, the cavitation 
damages important pump parts such as blades, impeller and volute. There are several important 
factors that can affect pitting in the centrifugal pump, such as high flow rate, level of cavitation 
(inception, development, or full development) and the pump rotational speed. 
 Noise and Vibration 
Noise and vibration are two commonly used indicators that are used in identifying the presence 
of cavitation in the centrifugal pump. The noise and vibration in the system during cavitation 
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are the result of bubbles implosion close to the solid surface. The vapour bubbles collapse when 
they reach high-pressure points in the pump, which causes flow pulsation and pressure 
fluctuations. These pulsations affect the casing of the pump thus causing noise and vibration. 
The level of the noise and the vibration intensity depends on the size and number of bubbles. 
During the cavitation, the amplitude of the vibration and noise change dramatically. The 
vibration and noise signals can be used as the input to the data acquisition system for detailed 
analysis of cavitation process. The use of these parameters allows cavitation to be detected at 
early stage. 
According to the above, it can be clearly seen that cavitation causes deterioration in 
performance of the pump and increases the level of vibration as well as noise resulting in 
damage to the pump components. So, an intensive pump monitoring is needed where cavitation 
is suspected. In Chapters 5, 6 and 7 in the current study, further detailed information is 
presented regarding to the flow field analysis and detection of cavitation using CFD technique, 
and how to collect and analyse vibration and noise signals and how to use these techniques to 
detect cavitation in a centrifugal pump. 
1.8.2. Damage Caused by Cavitation  
As mentioned in the previous section, cavitation in the pump is caused by the formation, 
subsequent collapse and implosion of vapour bubbles. The occurrence of collapse with 
adequate friction energy causes erosion inside the casing wall [21]. Figure 1-14 below shows 
the damage on impeller of the centrifugal pump caused by cavitation. The vapour bubbles 
collapse might generate extreme shock waves and intense local pressure that could cause 
significant damage to the surface of the metal. This damage removes the thin surface causing 
corrosion. Commonly, erosion is considered as one of the symptoms of the cavitation process 
within pumps [29]. The operation of the pump under cavitation conditions for a long period of 
time can lead to serious damage in the system, particularly to the impeller. Thus, it can cause 
pitting at the suction vane edges, discharge vane edges, the shroud of the impeller blades as 
well as the casing of the pump. In severe cases, cavitation can make holes in the impeller of 
the pump and damage the vanes to a level that may lead the impeller to become entirely 
ineffective [30].  
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Figure 1-14: Cavitation damage in centrifugal pump impellers [31, 32] 
The following section provides a brief overview of the techniques for prediction of cavitation 
that were used in the current study for detecting and diagnosing cavitation within a pump at 
early stage as a basic platform for condition monitoring. 
1.9. Techniques for Detecting Cavitation  
A brief introduction to techniques that were used in this study for detecting cavitation will be 
given in the next section. 
1.9.1. Numerical Simulation using CFD Technique 
Currently, CFD analysis technique is being widely used in the turbomachines industry for 
analysis and design of artefacts such as turbines, compressors and various kinds of pumps. In 
addition, using CFD code to analyse the flow field within a centrifugal pump enables designers 
to have quantitative and qualitative information about likely operational behaviour of such 
systems. The results from numerical simulation can provide reasonably accurate information 
regarding to the behaviour of fluid flow in the pump. It can also be used to determine pump 
performance as well as to predict cavitation at the early stage. The application of CFD is 
relatively cheap as compared to the experiments and it offers more information regarding the 
flow field within a pump. However, both numerical and experimental techniques provide 
detailed and effective results. The CFD technique will be discussed in more detail in Chapter 
five. 
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Brief Description of the Numerical Simulation Methodology for the Centrifugal Pump 
using CFD  
The flow field within the centrifugal pump, particularly in the blade passages and volute, has 
an important effect on the performance of the pump. However, carrying out experiments to 
measure this flow field can prove to be difficult. Therefore, CFD code can be used for this 
purpose because it is a useful and powerful tool to study and analyse the behaviour of the flow 
inside the pump. In the present study, numerical simulation methodology was used for the 
centrifugal pump under single-phase and cavitation conditions. This brief methodology 
includes four main stages as illustrated in Figure 1-15. The first stage consists of preparation 
of the geometry of pump parts. The second stage includes creating the meshing for each part. 
The third important stage in this methodology is solver setup. This stage includes providing 
the types of domain properties, selecting the turbulence model, boundary conditions, mesh 
interfaces between different parts, convergence controls and numerical schemes. The final 
stage is to select effective parameters to monitor in the pump and then run the simulation to 
calculate the results, as well as collect the stored data during the post processor stage for 
analyse. The results can be validated with the experimental data.       
 
Figure 1-15: Numerical methodology for the centrifugal pump using CFD code 
  
INTRODUCTION 
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
17 
 
1.9.2. Experimental Techniques for Detection of Cavitation 
The detection and diagnostics of cavitation within centrifugal pumps using vibration and 
acoustic techniques were experimentally investigated in this study using condition monitoring 
system, and a brief explanation of these techniques is presented in this section. 
Brief Description of Condition Monitoring System using Vibration Technique  
Recently, different types of condition monitoring approaches were used and developed, for 
example airborne acoustics, vibration, lubricant, acoustic emission, motor current, voltage and 
temperature analyses. The vibration technique is widely used in different types of machines for 
fault detection. The reasons includes how ease of use and also take the measurements, as well 
as its sensitivity to diagnosing machine faults using wide range of frequencies and 
temperatures. Hence using vibration technique for condition monitoring systems for different 
applications was shown to be effective [33]. The condition monitoring system consists of six 
main parts as shown in Figure 1-16. These parts are the machine under investigation such as 
turbines, compressors, and pumps. The vibration sensor (accelerometer), data acquisition 
system for collecting data, the PC for saving data, the interface software programme between 
the data acquisition and the user in order to display the vibration signal. The final part of the 
analysis encompasses the use of a software (MATLAB code) in analysing the data [34]. Further 
detailed information regarding this technique will be provided in Chapter six.  
 
Figure 1-16: Experimental methodology for the vibration signal processing 
1.9.3. Experimental Acoustic Analysis Technique 
Brief Description of Condition Monitoring System using Acoustic Technique  
Acoustic technique has become widely used in different fields such as psychology, 
engineering, physics, music, speech, and neuroscience. In general, the sound in flow systems 
is produced due to several reasons, for example, vibration changes in airflow, supersonic flow 
and friction between parts [35]. The acoustic technique has several advantages such as, it can 
be used to collect data from the machine under different temperatures and different operation 
conditions and it can be used to detect different types of faults in the machines directly during 
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operation conditions. Using acoustic technique is relatively easy and the cost of acoustic sensor 
is the same as that of the vibration sensor. The vibration and acoustic signals have a very similar 
condition monitoring system procedure. Figure 1-17 illustrates the various steps in using 
acoustic technique for condition monitoring purposes. Chapter seven in this thesis will discuss 
this technique in a more detailed manner and the following section provides a brief overview 
of the condition monitoring system. 
 
Figure 1-17: Experimental methodology for the acoustic signal processing 
1.10. Condition Monitoring  
Condition monitoring has made more acceptable and helpful for many process industries. 
These monitoring systems can give useful information regarding different problems or faults 
that can occur in the damaged components of the pump. In addition, it helps to improve the 
performance of the pump or it can be recognised when the pump needs to be refurbished or 
replaced. 
1.10.1. Condition Monitoring System Process 
In recent years, most industries have broadened their interest on condition monitoring systems. 
In order to decease the maintenance cost and increase the reliability of machines. According to 
the standard ISO 17359:2011, the condition monitoring process can be divided into five 
important sections as shown in Figure 1-18 [36]. 
Figure 1-18: Condition monitoring system process [36] 
 System Identification 
The condition monitoring system process includes analysis of the function of the system, such 
as; identifying the types of a failure in the system and selecting the components that have to be 
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considered for condition monitoring. Furthermore, it consists of all information regarding to 
the research techniques and the existing historical data for the study. 
 Data Acquisition System  
This includes collecting and saving useful data that was collected using suitable sensors. It is a 
very important section in condition monitoring system because it consists of several steps such 
as measuring and recording data, type of sensor, number and position of the sensor and type of 
signals that were collected.   
 Data Processing 
This is the third significant section in the condition monitoring process; the first stage in this 
section is to remove any unwanted noises in the collected data from the environment. This can 
be achieved by using filter function to filter out most of the unwanted noise. This data can then 
be processed using the suitable technique to extract suitable features, which can be used to 
define the performance of the system. For instance, Fast Fourier Transform technique was 
widely used to convert data from time domain to the frequency domain.  
 Diagnosis 
The purpose of diagnosis is to determine the location, severity of the damage and fault in the 
system. Different faults in the machine can be diagnosed by collecting data when the machine 
is working under different operating conditions. The general trend is to collect data when the 
machine is working under healthy and faulty conditions. This data (healthy and faulty) will be 
analysed to identify the variance. The level of the variance indicates the current condition of 
the system, which will help to make decision for the next step.   
 Decision Making 
The diagnosis is to provide useful information regarding what happens in the system. The 
condition of the system and the required level of maintenance are defined based on the analysis 
of the features used for diagnostic purposes [36].  
1.10.2. Advantages of Condition Monitoring 
Current improvements in the field of sensors, computer hardware, and software, have resulted 
in an increase of interest in condition monitoring. Various studies and analyses were conducted 
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on the cost and benefits of condition monitoring process. The following section will present 
some of these findings on the advantages of condition monitoring [37]: 
 Increase the revenue approximately by 30% 
 Drop in maintenance cost by 50 - 80% 
 Decrease spare parts inventory by 30% 
 A 20 to 60% performance improvement 
 Other advantages that can be obtained by plants through the use of condition monitoring 
systems include the following points: 
 A decline in forced and unexpected shutdowns 
 An enhancement in equipment availability and reliability 
 Extended machine operating life  
 Enhanced safety margins 
 An overall increase in the output quality and performance of the machine 
According to the Figure 1-19, it can be observed clearly that the total maintenance cost for 
pumps is 70% whereas other machines have this cost to be nearly below 20%. Therefore, to 
save on maintenance cost and enhance productivity, it is very important to improve the 
schedule of pumps’ maintenance [9]. 
 
Figure 1-19: Cost of maintenance for different rotating machines [9] 
1.11. Research Motivation  
Centrifugal pumps are widely used in numerous applications such as agriculture, wastewater 
treatment plants, oil and gas industry, food industry, and power plants. An average useful life 
of the industrial centrifugal pump is stated to be about thirty years. However, the actual 
satisfactory life span of pumps relies on the characteristics of the liquid, the working 
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environment and the regularity and quality of maintenance. Investigation of the cavitation in 
the centrifugal pump is necessary to figure out a plan of preventative maintenance which in-
turn, can increase the life of operation of pumps [38]. The detection of cavitation level in a 
centrifugal pump and analysing this phenomenon is an essential part to improve maintenance 
and enhance the reliability of the pump. Early detection of cavitation can enhance the pump’s 
life expectancy by adopting various preventative actions. Due to the occurrence of cavitation, 
in extreme cases, the life of the pump can decrease from about 10-15 years to 2 years [39]. For 
these reasons, the cavitation in a centrifugal pump was taken into consideration in this study. 
Therefore, it needs continuous condition monitoring in order to increase life of the pump and 
decrease the cost of maintenance. Any faults or damage in pumps will cause many problems 
within the system such as; leakage, high level of noise and vibration, damage to the pump parts 
which will lead to a breakdown of the whole system, resulting in a significant amount of loss 
in time and money. This research study develops an effective diagnosis method of cavitation 
in the centrifugal pump using different techniques to increase the reliability of cavitation 
detection. This will be carried out with the help of various tools such as numerical analysis 
using CFD technique. Currently, the numerical simulation technique was used to design and 
analyse different types of machines such as water turbines and pumps as this technique is 
capable of providing the internal flow field within a machine. It also offers useful information 
regarding the internal flow dynamics and hence this information can be used for design 
conditions. In this study, CFD technique is proposed to be used to simulate and mimic the flow 
within a centrifugal pump at various operational conditions under the transient condition for 
single-phase and cavitation conditions. In order to comprehend the flow structure within a 
pump for both single-phase and cavitation conditions, an extensive study will be carried out on 
the effects of various geometric parameters on the performance of a centrifugal pump. It is also 
proposed to use experimental techniques such as, vibration and acoustic analyses. The aim of 
this study is to find a reliable system to identify accurate and effective cavitation detection and 
diagnosis of the centrifugal pump with most appropriate technique/s. The technique should be 
able to predict the inception of cavitation at an earlier stage, which will help in prolonging the 
life of the pump and protect the system from emergency shutdown. This research involves 
evaluation of these techniques and this study will be aimed at finding the most effective method 
for monitoring cavitation in the centrifugal pump. 
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1.12. Research Aims 
The specific research aims formulated for this research study are described in this section 
whereas the objectives of this study will be discussed after carrying out an extensive literature 
review in the next chapter. Based on the motivation of this study, the research aims were broken 
down into the following:  
1. CFD based investigation of flow and geometrical parameters on single-phase and cavitation 
behaviour in the centrifugal pump.  
2. Experimental investigations on condition monitoring of the centrifugal pump using 
vibration analysis technique for detecting and diagnosing cavitation phenomenon in a 
centrifugal pump using time domain analysis (TDA) and frequency domain analysis (FDA). 
3. Experimental investigations on condition monitoring of the centrifugal pump using acoustic 
analysis technique for detecting and diagnosing cavitation in a centrifugal pump using time 
domain analysis (TDA) and frequency domain analysis (FDA). 
1.13. Thesis Structure 
This thesis consists of eight chapters, the contents of which are briefly described as follow: 
Chapter one: The main aim of Chapter one is to present an introductory review of the 
centrifugal pump and its significance in our daily lives. It provides an overview of different 
applications where centrifugal pumps are used along with the common operational issues. 
Therefore, the current chapter describes the centrifugal pump parts and explains the cavitation 
phenomenon. Moreover, it provides an account of different monitoring techniques that can be 
applied for detecting cavitation with a particular focus on condition monitoring. 
Chapter two: This chapter provides an elaborate review of the literature on centrifugal pumps. 
It contains already published researches that concern the effect of operational conditions, 
different geometrical parameters and cavitation detection based on analysis with CFD and 
experiments using condition monitoring investigations for centrifugal pumps. To bridge the 
knowledge gaps in the literature regarding this field of study. 
Chapter three: This chapter concentrates on CFD technique that was used to mimic the flow 
field within the centrifugal pump computationally. Also, this chapter presents the usage of 
CFD, along with a methodology for the prediction of performance and detection of cavitation 
in the centrifugal pump.  
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Chapter four: This chapter describes the construction and design of the centrifugal pump’s 
experimental setup and detailed configurations of the system such as, the piping system and 
description of all the applied sensors, data acquisition systems and equipment. As well as the 
procedure for measurement system in order to monitor and detect cavitation in the pump, that 
was used in the experimental setup. 
Chapter five: This chapter consists of a detailed analysis of all the results obtained using CFD 
code regarding the prediction of pump performance and detection of cavitation. Both 
quantitative and qualitative analyses were carried out to comprehend the flow structure within 
a pump under both single-phase and cavitation conditions. The investigation under different 
impeller geometrical parameters related to pressure fluctuations in time and frequency domains 
in the pump were analysed. Moreover, semi-empirical correlations for the head and power 
coefficients of the pump based on single-phase and cavitation were developed. 
Chapter six: This chapter includes all the measurements and analyses of the experimental 
vibration signals obtained from the centrifugal pump. It provides the analysis of a number of 
statistical parameters to detect the cavitation in the pump in the time domain analysis. The 
vibration signal is then converted into to the frequency domain using FFT technique in order 
to obtain more information regarding the occurrence of cavitation within a pump. 
Chapter seven: This chapter describes the acoustic technique that was adopted for detecting 
and diagnosing cavitation in the centrifugal pump. This chapter also provides the measurement 
and analysis of the experimental acoustic signals acquired from the pump using similar 
technique adopted in Chapter six. Also, it includes comparison between vibration and acoustic 
techniques in order to find the more effective technique for detecting cavitation under different 
operating conditions. Furthermore, it provides the evaluation of the methods utilised in this 
thesis in order to detect cavitation. 
Chapter eight: This chapter includes the conclusion of this thesis and it summarises the 
contribution of this research. Finally, it provides the recommendations for future work. 
A detailed literature review is presented in the next chapter, which focuses on the 
aforementioned research aims in order to find knowledge gaps in the existing literature.  
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CHAPTER 2  
2 LITERATURE REVIEW 
 
 
 
After obtaining information regarding to the centrifugal pump and the effects of cavitation 
occurrence on its performance in the previous chapter, a detailed review of the literature in 
centrifugal pumps is presented in this chapter. The central areas presented in the current chapter 
are associated with the pump and it contains detailed review of the published studies 
concerning the three main aims of investigation, as mentioned in Chapter one, with a view to 
identifying the knowledge gaps. Finally, the scope of research was determined and research 
objectives were formulated based on the knowledge gaps identified in the literature. 
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2.1. Introduction  
Many researcher have attempted to comprehend the hydrodynamics of centrifugal pumps. Most 
of these studies investigated the effect of different operational conditions and geometrical 
parameters on the performance of centrifugal pumps via at least different well-known analyses 
techniques such as CFD, vibration and acoustic. According to the current study aims, which 
focuses on the employment of all above-mentioned techniques, and based on the acquired 
results a comparison can be made between the reliability of the three techniques for detecting 
and diagnosing of cavitation. As one of aims of the present investigation is establishing the 
effect of geometric and operation parameters on the pump performance and cavitation 
behaviour, the first part of review is focussed around this aspect. The following section will 
illustrate some of these findings. 
2.2. CFD Based Investigation of Flow and Geometrical Parameters on Single-Phase 
and Cavitation Behaviour in Centrifugal Pumps 
In order to understand the characteristics of the centrifugal pump and when the cavitation 
phenomenon take place, operating the pump under single-phase and cavitation conditions give 
a agood picture regarding to the characteristics of the this phenomenon. Therefore, the next 
section will review and discuss the research works that were investigated the effects of the 
operational conditions and geometrical parameters on the flow field behaviour and thereby on 
the pump performance in both cases, single-phase and cavitation. 
2.2.1. Investigation of Flow and Geometrical Parameters on the Centrifugal Pump 
under Single-Phase Operational Conditions 
The flow field within a centrifugal pump was investigated by many researchers using CFD, for 
example, the work done by Kim et al. [40], where authors studied the effect of outlet angle of 
blades on performance of the pump. The investigation was carried out under using 60m head 
and 600rpm rotating speed as the operating condition. The results indicated that the head 
increases by 2.5m as the outlet angle of a blade increases whereas, the efficiency decreases 
approximately by 0.3% as shown in Figure 2-1. The focal point of this study was the effect of 
the outlet angle of blades. No information was obtained in their study regarding to the effect of 
different geometrical parameters. 
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Figure 2-1: Head and efficiency curves of the pump [40] 
Sidhesware and Hebbal [41] investigated a hydraulic design of a metallic centrifugal pump. 
The authors carried out the flow simulation of a pump under different flow rates. They found 
that the pump’s head decreases as the flow rate increases. In addition, the pressure distributions 
over the suction and pressure side of blades were found to be non-uniform. There was no 
information regarding prediction of cavitation in a pump. Moreover, their study focussed on a 
limited range of flow rates. 
Rajendran and Purushothaman [42] conducted a numerical investigation to analyse the flow 
structure in the impeller of a pump with water at 25oC as the working fluid. The pump has six 
blades, inlet and outlet impeller diameters of 150mm, 280mm and outlet blade angle of 20o. 
The pump was operated at a rotational speed of 925rpm having a 10m head and 0.0125m3/s 
flow rate. Findings show that the pressure at the pressure side of blade was higher than suction 
side and it increases from the leading edge to trailing edge. The minimum pressure inside the 
impeller was located at the leading edge of blades. However, their study does not reveal any 
information regarding occurrence of cavitation and focuses on the pressure field under the same 
geometrical parameters.  
Patel and Doshi [43] investigated the effect of outlet angle of impeller blades on the pump 
under different specific speeds of 28.91, 38.47 and 53.48, respectively. Their study showed 
that the outlet blade angle plays a significant role on the pump performance. The head and 
efficiency increased with the outlet blade angle increased as shown in Figure 2-2. However, no 
analysis of the pressure field within the pump was presented.  
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Figure 2-2: Head and efficiency under different outlet blade angles [43] 
Shah et al. [44] analysed the flow field within a pump, the numerical simulation was carried 
out under steady state for six different flow rates. In addition, they used two turbulence models: 
shear stress transport (SST) k-ω and (RNG) models. Findings show that k-ω SST turbulence 
model provides better results as compared to RNG model. The numerical result proved that the 
head and the efficiency were higher than experimental results by 5% to 7%. However, this 
investigation was limited to single-phase and under steady state conditions, there was no any 
expression for the head or power coefficients. 
Kagami et al. [45] investigated an automotive centrifugal pump using CFD. They used a 
multiple rotating frame (MRF) approach. The numerical results were in a good agreement with 
the experimental results under different rotational speeds. The pressure distribution was similar 
for all the impeller channels. Also, the results showed that a slight decrease in pressure in the 
circumferential direction of the volute. This work was carried out under steady state conditions 
and like other previous aforementioned studies, the effects of other geometrical parameters 
were not revealed in their work.  
Houlin et al. [46] studied the effect of different CFD algorithms to simulate the inner flow field 
in the pump. These algorithms were SIMPLE (Semi-Implicit Method for Pressure-Linked 
Equations) and SIMPLED (Semi-Implicit Method for Pressure-Linked Equations 
Development). The results of their study showed that the SIMPLED was slightly higher 
accuracy than the SIMPLE by 2% and it was closer to the experimental results at the design 
operating condition. However, there was no information regarding the flow field analysis inside 
the pump for example, pressure and velocity distributions.  
Yang et al. [47] investigated the effect of pump volute shape on the performance characteristics 
by using CFD. They used a single-stage centrifugal pump and design parameters used were 
Q=210m3/h, H=100m, N=3000rpm, inlet and outlet impeller diameters of 100mm and 280mm. 
  
LITERATURE REVIEW 
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
28 
 
The number of blades used was seven. Four different volute cross-section shapes namely, 
round, horseshoe shaped, trapezoid and rectangular were analysed to evaluate the performance. 
They found that the round cross-section provided the highest head, whereas the trapezoid and 
rectangular volute had nearly the same efficiency as shown in  Figure 2-3. Furthermore, the 
study was focused on the effect of different volute cross section areas. Moreover, the effect of 
head coefficient of the pump under different geometrical parameters was not investigated. 
 
Figure 2-3: Head curves for different volute shapes [47] 
Chakraborty et al. [48] correlated the performance of the pump with different number of blades. 
They studied a 2-D centrifugal pump under steady state for different blade numbers of 5, 6 and 
7. The geometry of the pump includes an arc shaped blade with inlet and outlet blade angles of 
25o and 33o, inlet and outlet impeller diameters of 80mm and 168mm. Volute inlet and outlet 
diameters of 80mm and 52mm. The results showed that the increase in efficiency was from 
72.60 to 73.71%. Their work demonstrated that the optimum number of blades for efficiency 
was found to be seven. In addition, the total and static pressures were increased as the number 
of blades increased.  
Gupta et al. [49] investigated the pressure and velocity distribution inside the pump. They 
noticed that the separation in flow takes place at the leading edge. In addition, the pressure at 
the suction side of impeller appeared to be the lowest pressure, and the highest pressure 
occurred at the outlet of the impeller as shown in Figure 2-4. However, their study includes a 
limited details and no information was provided regarding to the effect of different operational 
conditions on pressure fluctuations in the pump under single-phase and cavitation conditions.  
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.              
Figure 2-4: Static pressure distributions in the impeller [49] 
Chakraborty and Pandey [50] studied the influence of the number of blades on a pump 
performance. They selected the different number of blades and the design parameters for the 
pump were inlet and outlet blade angles of 25º and, 33º. Impeller inlet and outlet diameters of 
80mm and 168mm. Results indicated that the static pressure increases gradually with the 
increased number of blades and 10 blades were found to be optimum in terms of efficiency as 
shown in Figure 2-5. However, their study was limited to an investigation and focused only on 
the effect of number of blades.  
 
Figure 2-5:Performance of the pump under different number of blades [50] 
Shi et al. [51] predicted the performance of the pump under different outlet widths of the 
impeller. They conducted their investigation for a single stage pump with H=13m, Q=20 m3/h, 
N=2850rpm, blade inlet and outlet angles of 26o and 22o. Varied the blade outlet width in the 
range of 9, 10, 11, 12mm. They used multiple reference frame (MRF). The results indicated 
that the head and power increase with the increase of the outlet width of the impeller as shown 
in Figure 2-6. However, the effect of occurrence of cavitation under different operation 
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conditions such as wide range of flow rates and pump rotational speeds were not taken into 
consideration. 
 
Figure 2-6: Pump head under different outlet widths [51] 
Liu et al. [52] investigated the flow field inside the pump at shut-off conditions. They validated 
numerical results via particle image velocimetry (PIV) measurements. The analysis of flow 
field on the pump showed that the velocity in the volute diffusion area was low and there were 
two eddies in each of the impeller flow passages as shown in Figure 2-7 (a). The curve of the 
head fluctuations during shut-off condition displayed some periodic fluctuations as shown in 
Figure 2-7 (b). However, no information regarding pressure fluctuations and detection of 
cavitation in the pump.  
 
(a)                                                                                 (b) 
Figure 2-7: (a) Velocity distributions and (b) Head fluctuation in the pump [52] 
Yulin et al. [53] simulated the flow field within the centrifugal pump. The design parameters 
included Q=46.65(l/min), N=1000rpm, H=1.36m, inlet and outlet impeller diameters of 
55.14mm, and 100mm, and the impeller was composed of seven blades. The results showed 
  
LITERATURE REVIEW 
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
31 
 
that the comparison between the numerical results for the velocity at steady and unsteady 
within a pump under design flow rate using PIV measurement, indicating that the numerical 
unsteady flow was found to be closer to experimental data. Moreover, the authors focused only 
on the flow field for the velocity distribution in the pump and thus, no information was 
presented regarding to the pressure distribution. 
Barrio et al. [54] investigated the flow field near the volute tongue area of the pump for various 
flow rates. The design parameters used were N=1620rpm, outlet impeller diameter of 0.210m 
and an impeller that is composed of seven blades. They found that the lowest flow rate 
displayed a larger counter-rotating vortex for the relative flow at the outlet of the impeller 
channels near the tongue area. However, this study has just focused on the effect of unsteady 
flow near the tongue region and no information was revealed regarding to the pressure 
fluctuations under different geometrical parameters.  
Meakhail et al. [55] studied unsteady flow within the centrifugal pump for two different types 
of impellers. The design parameters used were Q=0.7813kg/s, inlet and outlet diameters for the 
first impeller were 140mm, and 70mm. For the second impeller’s inlet and outlet diameters 
were chosen to be 270mm and 105mm. Both impellers were designed with seven blades, and 
N=2800rpm. Their results showed that the increase of pressure in the impeller was uniform for 
both pumps, which then gradually increased from suction to the outlet of the pump. The 
pressure distribution for the smaller impeller pump was uniform in the volute zone than the 
larger. For low flow rates, separation was seen to appear and for high flow rate, no separation 
was seen in the pump. However, no information regarding occurrence of cavitation was 
presented.  
Zhang et al. [56] investigated unsteady flow within the pump by changing the operating 
process. The design parameters used were flow rate in the range of 34m3/h to 110m3/h, head of 
35m, inlet and outlet impeller diameters of 140mm, and 230mm, an impeller with three blades, 
and N=4500rpm. They observed that at the beginning of different operating conditions, large-
scale vortices existed in the flow passages at different times. In addition, the pressure gradually 
started to increase from inlet to outlet of the impeller as shown in Figure 2-8.  
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Figure 2-8: Static pressure variations at unsteady flow [56] 
Cui et al. [57] studied transient flow at low specific speed for the pump under various operating 
conditions. The design parameters used were Q=1.5m3/h, H=15m, inlet and outlet impeller 
diameters of 40mm, 105mm, and N=2900rpm. They found that the interaction between volute 
and impeller has a strong effect on the pressure distribution causing uneven pressure 
fluctuations in the volute circumference. Additionally, the highest-pressure fluctuations were 
noticed close to the volute tongue zone. However, no information regarding to the effects of 
the various operation conditions such as air injection and pump rotational speed on the 
occurrence of cavitation were made available.  
C. Dai et al. [58] used a 3-D pump model with unsteady conditions and two turbulence models 
SST k-ω and RNG k-ε. The design parameters used were Q=2m3/h, H=2.8m, N=940rpm, inlet 
and outlet impeller diameters of 30mm and 53mm. The impeller had eight blades. They 
observed that the SST k-ω model was more accurate than RNG k-ε model. Furthermore, at the 
tongue zone the pressure coefficient was observed to change under different flow rates as 
shown in Figure 2-9. However, no information regarding to the pressure distribution and 
cavitation in the pump were presented.  
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Figure 2-9: Frequency spectra at tongue region due to pressure fluctuations [58] 
2.2.2. Investigation the Effect of Flow and Geometrical Parameters on Cavitation 
Behaviour in Centrifugal Pumps 
In the literature, many researchers have attempted to investigate cavitation in centrifugal pumps 
using various approaches such as numerical and experimental. One of these studies was carried 
out by Koné et al. [59] where authors attempted to detect the pump cavitation using visual 
observation through the use of a high-speed camera. The design parameters used were flow 
rate in the range of 0.3 to 1.1(l/s), N=3000rpm, water temperature between 20 to 90oC, inlet 
and outlet impeller diameters 54mm, and 175mm. The impeller had six blades. They found that 
the inception of cavitation appears before the performance of the pump starts to decrease. Also, 
when flow rates and temperatures increased the cavitation increased as well. The cavities 
colour was changed with the change of water temperature as shown in Figure 2-10. However, 
the authors just focussed on studying the effect of cavitation under different water 
temperatures. No information about pressure fluctuations or pressure and velocity distributions 
within the pump were reported in their work.  
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 (a)                                                                                      (b) 
Figure 2-10: Observation of cavitation within the centrifugal pump [59] 
Abbas [60] investigated cavitation within the centrifugal pump numerically. The design 
parameters used were Q=16kg/s, N=3000rpm, inlet and outlet impeller diameters of 36mm and 
80mm and an impeller was designed with six blades. The results showed that the formation of 
bubbles occurs in a lower pressure area. In addition, the cavitation happens on the surface of 
blades at the leading edge. Then, the cavitation zones move from leading to trailing edge at 
lower NPSH values. When the cavity length reaches the maximum chord length of the blade, 
the head-NPSH curve begins to drop, Figure 2-11 depicts the curve of NPSH and Head. 
However, the author did not study the effects of other geometrical parameters. Also, his study 
was under a limited range of boundary conditions.  
 
Figure 2-11: NPSH-Head curve at flow rate of 16 kg/s and N= 3000rpm [60] 
Later, Kim et al. [61] conducted numerical analysis on a centrifugal pump and compared it 
with experimental results. The design parameters used were the flow coefficient of 0.09, head 
coefficient of 0.42, outlet impeller diameter 128mm, N=2400rpm, and the impeller was made 
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of five blades. From numerical and experimental outcomes, they found that accuracy could be 
changed due to the loss that happens in the pump between the shaft and the bearing as well the 
casing and the impeller that was not considered in the numerical analysis. However, no 
information regarding to the flow distribution and analysis of the pressure fluctuations within 
the pump was provided in their work. Moreover, the head or power coefficients of the pump 
were not considered. 
Li et al. [62] studied the effect of different outlet blade widths which are 11, 13 and 16mm on 
the pump performance under cavitation conditions. The investigation was carried out under 
various operating condition and impeller design parameters were Q=340(l/min), H=15m, 
N=3700rpm, 19o and 30o inlet and outlet blade angles. Also, they used seven blades, 60mm 
and 98mm inlet and outlet diameter of impeller. Their results showed that as the outlet blade 
width increased, the pump head gradually increased and the low static pressure region at the 
impeller eye decreased as well as cavitation also increased as shown in Figure 2-12. However, 
this study was based only on a limit of the geometrical parameters. Also, no information 
regarding the velocity distribution.  
 
Figure 2-12: Volume vapour fraction distribution under different outlet blade widths [62] 
Niazi et al. [63] numerically and experimentally investigated the cavitation within the 
centrifugal pump. Their studies were carried out under different flow rates and impeller 
parameters, which include six number of blades, 75 and 165mm inlet and outlet impeller 
diameters as shown in Figure 2-13. Their results showed that cavitation occurs at the suction 
side of blades and it also increases with low pressure at this particular region as illustrated in 
Figure 2-13. However, their study focuses only on occurrence of cavitation under limited 
boundary conditions (only flow rate). Their study does not reveal any information on the 
pressure fluctuations inside the pump.  
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Figure 2-13: Geometrical parameters and volume fraction distribution for the pump [63] 
XiaoJun et al. [64] investigated the effect of impeller leading edge on cavitation in the 
centrifugal pump. They used a 3-D pump with six impeller blades which they investigated 
under operating condition with a specific operating speed of ns=88.6, H=34m head, Q=50m3/h 
and N=2900rpm. The results showed that the occurrence of the head drop in the pump was due 
to the generation of the vortex flow in the rear area of the cavity. Their results demonstrated 
that the appropriateness of using the numerical solution for the cavitation flow in the pump. 
The accuracy of the prediction for the flow regimes was estimated to be within 5% as shown 
in Figure 2-14. However, the authors only focused on studying the effects of cavitation at the 
impeller leading edge on the pump with limited information regarding the flow field analysis.  
 
Figure 2-14: Pump Performance in non-cavitation and cavitation conditions [64] 
Misiewicz and Skrzypacz [65] investigated the effects of the inlet blade angles of the impeller 
on the performance of the pump under cavitation conditions. The design parameters of the 
pump used were flow rate coefficient of 0.087, head coefficient between 0.759 and 0.787, 
N=2850rpm, inlet and outlet impeller diameters of 32mm and 90mm using a six blade impeller. 
They also studied various inlet blade angles of 16°, 38°, 56° and 72° respectively. From their 
results, they found at a constant flow rate, the NPSHR decreased when the inlet angle increased. 
The numerical technique provided possibilities for predicting cavitation in the impeller. Their 
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observation was under limited boundary conditions also pressure fluctuations within the pump 
were not considered.  
Hassan and Kamal [66] studied the impact of cavitation in the centrifugal pump. They used a 
two-dimensional model for the pump and the geometrical parameters carried out in their 
investigation were a three-blade impeller having inlet and outlet diameters of 46mm and 
120mm respectively. The results showed that head and efficiency of the pump decreased with 
a decreased in NPSHA. Furthermore, they observed an inversely proportional relationship 
between the temperature and NPSHA and they noticed that a reduction of NPSHA increased 
the pump’s noise level. However, the investigation was carried out under steady state 
conditions, the head and power coefficients of the pump under cavitation conditions were not 
considered. 
Kesba et al. [67] studied the influence of cavitation on different types of materials for the 
impeller. The design parameters for the pump used in their research were Q=18m3/h, H=23.5m 
and N=2900rpm. They experimentally studied the influence of cavitation on the performance 
of the pump with three types of materials such as cast iron, aluminium and bronze. The results 
showed that the efficiency of the pump were 8.15%, 15.18%, and 5.31% for cast iron, 
aluminium and bronze respectively. However, a comparison and evaluation investigation 
between different techniques to detect cavitation were not carried out. 
 Lie et al. [68] investigated cavitation in the centrifugal pump at off-design conditions. The 
design parameters for their pump used were Q=340m3/h, H=30m, outlet impeller diameter of 
329mm, and N=1450rpm with six blades impeller. They found that cavitation at the blade 
leading edges of the impeller has maximum pressure fluctuations, which was about 2.54 times 
higher than that for non-cavitating flow in the pump. This was due to the violent disturbances 
that has occurred because of cavitation near the blade leading edges.  
Fukaya et al. [69] studied the effects of impeller speed on cavitation intensity within the pump. 
The flow rate at the best efficiency point was 7.6m3/min and an impeller diameter of 302mm 
with the impeller comprising of six blades. The results showed that the cavitation intensity was 
increased when impeller speed increased, Figure 2-15 showed the cavitation intensity 
distributions at various rotational speeds. However, no information regarding the pressure and 
velocity distributions were presented.  
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Figure 2-15:Cavitation intensity distributions at various rotational speeds [69] 
Al-Hashmi [70] carried out statistical analysis of acoustic signal in detection of cavitation in 
centrifugal pump. The design parameters used for the pump were H=38m, N=2800rpm, inlet 
suction and outlet discharge diameters of 0.0508m, and 0.01375m, and the impeller made up 
of five blades. Their results showed that at flow rates larger than 340(l/min), the cavitation 
starts when NPSHA was lower than NPSHR. At higher flow rates, more cavitation, turbulence, 
friction and velocity influences are generated. However, the effect of different operation 
conditions such as air injection, suction valve opening, and pump rotational speed on the 
detection of cavitation were not investigated. 
Steinmann et al. [71] investigated unsteady cavitation flow within pump. From their numerical 
result, the pump power and head were approximately 6% higher than their experimental results. 
Changing the vapour volume fraction from 0 to 10%, cavitation occurred at the leading edges 
at the impeller as shown in Figure 2-16. Also, the CFD results showed no cavitation appearance 
at Best Efficiency Point (BEP). However, this study was only based on the limited flow rates 
and no information regarding to the analysis of pressure fluctuations in time and frequency 
domains were presented.  
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Figure 2-16: Detection of cavitation in the pump [71] 
Shukla and Kshirsagar [72] predicted cavitation in the centrifugal pump for different inlet 
impeller diameters of 225mm, 330mm and 425mm. The design parameters of the pump used 
in their research were Q=0.508m3/s, H=60m, N=1450rpm, inlet impeller diameter of 330mm 
and impeller with five blades. Their results showed that the head drop for (225mm diameter) 
was at a high NPSHR, though the head drop for (445mm diameter) was approximately the 
same as that of (330mm diameter) as showed in Figure 2-17. Also, when the NPSH decreased, 
the cavitation increased between the blades as illustrated in Figure 2-18. However, this study 
includes a limited investigation on the effects of the inlet impeller diameter on cavitation in the 
pump and no information regarding the pressure and velocity distribution were reported.  
 
Figure 2-17: Head-NPSH curves under different inlet impeller diameters [72] 
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 (a) 10m NPSH                             (b) 7.5m NPSH                        (c) 7m NPSH 
Figure 2-18: Cavitation in the impeller passages under different NPSH values [72] 
Zhu et al. [73] investigated the cavitation in transient flow during the collapse of a nuclear 
power pump. They used boundary conditions were H=32m, Q=35m3/h, N=2900rpm and an 
impeller with six blades. They observed that when the pump began operating, the volume 
fraction was zero in the flow passages of the impeller and after that, the cavitation increased 
quickly due to the decrease in pressure in the suction line. Additionally, the occurrence of 
cavitation was near the impeller inlet diameter at low pressure. However, a comparison 
between different approaches to find effective technique for predicting cavitation was not 
conducted.  
Liu et al. [74] studied the effects of the empirical coefficient pump head and cavitation number 
with different bubble diameters under cavitation flow in the pump. The parameters used for the 
test pump include Q=0.014m3/s, outlet impeller diameter of 168mm, N=2900rpm and an 
impeller with five blades. They considered three different bubble diameters which were       
2×10-4m, 2×10-6m and 2×10-8m respectively. Their results, when compared with the 
experimental results, showed that the accuracy of the prediction of the pump’s cavitation 
performance improved as the bubble diameters reduced.  
Homa and Wróblewski [75] investigated the modelling of flow for cavitation in the pump. In 
their flow modelling, they used in their pump Q=23.08kg/s, N=985rpm, water temperature was 
25°C. They observed that the minimum pressure in a rotor occurs close to the leading edges of 
blades. In that zone, the vapour bubbles might appear even with NPSHA higher than NPSHR. 
The cavitation cloud was seen to cover the entire zone beyond the blades of the rotor when 
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there was decreased in the inlet pressure as shown Figure 2-19. However, no information 
regarding to the pressure fluctuations were presented.  
 
Figure 2-19: Vapour volume fraction distributions at different pressures A) 110kPa B) 55kPa 
C) 40kPa and D) 39kPa [75] 
2.2.3. Summary of Literature Review Concerning the Effects of Flow and Geometrical 
Parameters on the Single-Phase and Cavitation Behaviour in Centrifugal Pumps 
Different researchers have investigated the effect of various parameters and operation 
conditions on the centrifugal pump performance, after critical review of the literature presented 
above, the following can be noted: 
1. There is a lack of information in most of the above investigations, which were conducted at 
constant geometrical parameters of pumps and under limited operation conditions. 
2. These studies are severely limited and lacked of the local flow field transient analysis under 
different combinations of geometrical parameters of the pump for different operating 
conditions (with and without cavitation conditions). For instance, the local and global 
interrelations among pressure, velocity, vapour volume fraction distributions, pressure 
fluctuations in time and frequency domains as well as the pump head were not studied in an 
integrated manner. 
3. There was a necessity for better comprehension of the flow structure within the centrifugal 
pump as well as the effect of geometric and operational conditions on detection and 
diagnosis of cavitation within the pump. Thus, cavitation is still not well analysed whether 
numerically or experimentally. 
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4. There were no reports on development of semi-empirical correlations for calculating the 
head and power coefficients of the pump in the literature as a function of different 
geometrical parameters under single-phase and cavitation operating conditions. 
5. There may be extra information and description as well as the sensitivity of the method used 
regarding detection of cavitation, which means that most of the authors used two detection 
techniques or less from those available techniques such as CFD, vibration and acoustic 
techniques. 
6. There is a lack of information in most of the above studies regarding a comparison and 
evaluation investigation among different techniques, such as CFD, vibration, and acoustic 
to detect and diagnose cavitation within the centrifugal pump. 
In the view of the research aims, the use of CFD technique in the detection of cavitation in 
centrifugal pumps was surveyed and discussed. However, in order to achieve the rest of the 
research aims, the next section will consist of literatures, using the experimental investigations 
on condition monitoring of the centrifugal pump, using vibration and acoustic techniques for 
the purpose of cavitation detection in the centrifugal pump. Furthermore, the works that 
considered both the time and frequency domains will be reviewed. 
2.3.  Experimental Investigations on Condition Monitoring using Vibration and 
Acoustic Techniques for Detecting Cavitation in Centrifugal Pumps   
In the literature, many researchers have attempted experimentally to investigate and discuss the 
pump performance with and without cavitation using various conditioning monitoring 
methods, one of these studies was carried out by Zhang et al. [76] where authors attempted to 
study the vibration features in the centrifugal pump that has a special slope in the volute. They 
collected vibration signals at various flow rates and compared the performance obtained 
between the slope volute and conventional spiral volute as shown in Figure 2-20 (a). The results 
showed that the vibration level of the slope volute pump was lower than the vibration level of 
the conventional pump as illustrated in Figure 2-20 (b). They therefore found that using slope 
volute pump could effectively decrease the vibration level in the pump. However, no 
information regarding the influence of cavitation on the pump performance. Also, the pressure 
and velocity distribution were not reported.  
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(a)                                                               (b) 
Figure 2-20: (a) Spiral and slope volutes (b) Level of vibration in the centrifugal pump [76] 
Stopa et al. [77] detected incipient of cavitation in centrifugal pump using a tool known as Load 
Torque Signature Analysis (LTSA) as shown in Figure 2-21. It uses electrical signals from the 
motor to compute the torque that the pump develops via its frequency spectrum information 
and determines the occurrence and intensity of the cavitation. Their results revealed that the 
LTSA tool presents a response pattern close to those normally shown by pressure sensor when 
used in such an application. The LTSA tool can detect the cavitation using a single component 
impeller passing frequency as shown in Figure 2-22.  
 
Figure 2-21: Block diagram of the LTSA [77] 
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Figure 2-22: Frequency spectrum of LTSA under normal and cavitation conditions [77] 
Chudina [78] used noise as an indicator in investigating cavitation within the pump. The author 
carried out analysis of the noise signal in frequency domain under different operating 
conditions. The results showed that the cavitation increased at high flow rate particularly at the 
high range of frequency as shown in Figure 2-23. However, the author studied cavitation in the 
pump only by using the noise technique and no information regarding to the pressure and 
velocity distributions. There is also no information regarding analysis of the noise signal in 
time domain.  
 
Figure 2-23: Acoustic signal in frequency domain under cavitation condition [78] 
Cernetic et al. [79] detected and monitored of cavitation in the pump by using vibration and 
acoustic  signals. They used two types of centrifugal pumps, the first one was closed impeller 
with six blades and made of metal alloy, the second one was semi-open impeller with six blades 
and made of plastic material. The results showed that each pump has different vibration spectra 
and noise levels with various discrete frequencies. In addition, they found that the difference 
between vibration and noise under cavitation and non-cavitation conditions was between 30 to 
  
LITERATURE REVIEW 
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
45 
 
40dB. However, they did not present any information regarding to the pressure and velocity 
distributions or any sensitive technique and sensitive frequency range in detecting cavitation.  
 
 (a) Vibration                                                                     (b) Acoustic  
Figure 2-24: Vibration and acoustic spectra for two pumps under cavitation and non-
cavitation conditions [79] 
Albarik et al. [80] investigated and diagnosed centrifugal pump faults through the use of 
vibration signal. They used a closed impeller pump with some parameters of the pump 
considered in their design such as Q=30m3/h, H=55m N=2900rpm. They predicted the 
relationship between the NPSHA and NPSHR by decreasing the discharge valve progressively 
with the suction valve fully opened. NPSHR for the system increased when flow rate increased. 
The results showed that when the flow rate increases the level of vibration increases as well. 
However, the authors just used vibration signal technique to investigate faults in the pump. 
Hence, no information regarding the influence of cavitation and pressure fluctuations in time 
and frequency domains were reported. 
Suhane [81] studied the effect of radial clearance on pressure pulsations by using vibration and 
acoustic signals under different radial clearances between impeller and diffuser of 1.5mm, 
3.7mm, and 6.8mm. The horizontal type pump was used in this study together with diffuser. 
The impeller was designed using eight blades while that of the diffuser composing of seven 
vanes. Results indicated that at high flow rate, both vibration and acoustic levels were high. 
The vibration and acoustic levels were minimum at the maximum radial clearance between 
impeller and diffuser. In addition, when the value of radial clearance increases, the lower 
pressure fluctuations occur.  
Farokhzad et al. [82] experimentally investigated the relationship between vibration signal and 
the type of fault within the centrifugal pump under different operating conditions. They tested 
two different configurations; the first one was broken impeller and the second one was with 
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faulty seal conditions. The results showed that an important change in the trend of vibration 
signal was occurred as a function of fault at various operating conditions. The value of RMS 
for healthy pump conditions was moderate and stable, but this increased in value due to the 
broken impeller and faulty seal as shown in Figure 2-25.  
 
Figure 2-25: Vibrations trend under healthy, impeller broken and seal faulty [82] 
Luo et al. [83] researched on statistical features of vibration signals in the centrifugal pump. 
The parameters used for the test pump were Q=50m3/h, H=32m and N=2900rpm. The number 
of blades used for their impeller was six, impeller inlet and outlet diameters of 75mm and 
174mm. The results showed that when the pump works under flow instability conditions, the 
dynamic characteristics of the pump changes. Therefore, the statistical analysis of vibration 
signal (probability density factor PDF, standard deviation and Kurtosis) could be used to 
predict unstable flow in the pump. The statistical features of vibration signal in time domain 
and frequency domains were good indicator for predicting intensity changes and the onset of 
cavitation in the pump. However, the study of cavitation under different operation conditions 
were not conducted.  
Cdino M. al. [84] detected cavitation in the pump using the sound signal. The specifications of 
the pump were Q=0.150m3/s, H=80m and N=2535rpm. Their results showed that when 
cavitation becomes fully developed, the sound level increase to a higher level compared to that 
without cavitation as shown in Figure 2-26. The noise occurrence on the pump depends on the 
flow rate, speed of the pump and the instability of the pump. Moreover, instability can occur 
due to cavitation causing vibration, noise, deterioration of the performance of the pump, 
material erosion and pitting. However, no information was provided to compare different 
techniques under different frequency ranges for detecting cavitation. 
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Figure 2-26: Acoustic frequency under no cavitation and cavitation conditions [84] 
Sakthivel et al. [85] conducted an investigation about the usage of a set of statistical features 
for diagnosing faults in the centrifugal pump such as kurtosis, standard deviation, skewness, 
variance, range, maximum value and minimum value. Such statistical features allowed them to 
extract both normal and faulty conditions from the vibration signals. Their study for faulty 
conditions comprises of impeller faults as well as bearing faults making their outcome a 
promising method for diagnosing practical fault application in the pump. However, there is no 
information regarding the influence of cavitation and effect of different geometrical parameters 
or the pressure and velocity distributions. 
Tan and Leong [86] detected cavitation in the pump using vibration signals. They tested the 
pump under different flow rates. The design parameters of their pump were a six vane diffuser 
and the motor was coupled to three phase with N=2500rpm. Their results showed that the 
vibration amplitude increased significantly under cavitation when compared to normal 
operating conditions. The possible reason for this increase was due to the formation and 
collapse of bubbles particularly at the eye of the impeller. However, information regarding 
pressure or velocity distributions of the flow field in the pump or sensitive frequency range for 
detection of cavitation were not presented.  
Mc Cormick and Nandi [87] examined the usage of artificial neural networks (ANN) to monitor 
the rotating machinery condition from the time series of vibration. Such approach assumes the 
use of automatic categorisation of the machine condition through extraction of features from 
many approaches such as neural network. The assumption of extracting methods is based on 
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the zero lag higher-order statistics applicable to both horizontal and vertical vibration time 
series. The feedback of adaptive learning and momentum technique is utilised for training the 
ANN. The feedback approach is examined in a test rig that was designed to create unbalanced 
shaft and rub faults. The outcomes from such a method showed that the combination of 
moments of the complex time series with its acquired derivative moments can help in the 
achievement of detecting faults successfully by more than 90%.  
Al Thobiani et al. [88] studied the cavitation in the centrifugal pump through the use of acoustic 
and vibration signals. Assessments with different statistical parameters such as kurtosis, 
variance and peak factor. The outcome revealed that kurtosis and peak factors are not sufficient 
for indicating cavitation in the pump. However, their finding recommends that spectral entropy 
is more accurate for detecting cavitation. Their study was under a limited range of boundary 
conditions at different flow rates only. Moreover, study of the occurrence of cavitation under 
different operation conditions such as air injection, different suction valve openings and 
rotational speeds was not carried out. 
Cˇudina and Prezelj [89] detected cavitation in pump using acoustic method. The results of 
their study showed that the spectrum of the acoustic was related with inception and 
development of cavitation within a pump. In addition, the level of the spectra frequency peak 
increased with the inception of cavitation, which further increased, with the development of 
the cavitation and it reached a maximum value when the cavitation process was fully 
developed. However, their study just used the acoustic technique under limited boundary 
conditions using frequency domain analysis.  
Nasiri et al. [90] analysed the vibration signal for detecting cavitation in pump by using neural 
networks. They used two statistical features such as crest factor and kurtosis as an input to build 
a neural networks technique to detect cavitation. They introduced three monitoring conditions 
such as normal, developed and fully developed of cavitation as shown in Figure 2-27. In order 
to test such network, they used the feed forward back propagation. Their findings revealed the 
reliability of the method to detect cavitation in the pump. However, the author just used crest 
factor and kurtosis features to investigate cavitation under a limited range of boundary 
conditions and a comparison between different techniques such as CFD, vibration and acoustic 
to find sensitive frequency range and effective method for detecting cavitation was not carried 
out.  
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Figure 2-27: Compare between the experimental and network results with and without 
cavitations [90] 
Zargar [91] detected cavitation within the centrifugal pump related to the oil industry for 
cooling circulation water systems. The author detected cavitation by analysing the vibration 
signal in time waveform and frequency domain using FFT method. The author found that the 
vibration amplitude in time and frequency analyses suddenly increased under cavitation 
conditions as compared to without cavitation. This phenomenon leads to a decrease in the 
performance of the pump. However, the author just used vibration technique to detect 
cavitation. Moreover, no information regarding study of sensitive frequency range for detection 
of cavitation under different operation conditions. 
2.3.1. Summary of Literature Review Concerning Experimental Investigations on 
Condition Monitoring using Vibration and Acoustic Techniques for Detecting 
Cavitation in Centrifugal Pumps 
The literature review that is presented above, for predicting cavitation in centrifugal pumps and 
the effect of this phenomenon on the performance of the pump, has highlighted gaps in the 
knowledge base and the following can be noted: 
1. There is a lack of information related to the use of different frequency ranges in frequency 
domain analysis that might be more sensitive to detect cavitation within the centrifugal 
pump. 
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2. The cavitation is still not well analysed/discovered, particularly when the pump operates 
under a wide range of operational conditions such as various flow rates, pump rotational 
speeds, decrease in the suction valve openings and effects of air injection. 
3. There is a shortage of information regarding the comparison of different techniques such 
as CFD code, vibration and acoustic to find the effective techniques in order to detect 
different levels of cavitation (no cavitation, inception, development, and full development 
of cavitation). 
4. Inter-dependence of the local flow field analysis with indicators of the global performance 
with a variety of operating conditions and different combinations of geometrical 
parameters using CFD technique were not conducted in more detail. 
This research study attempts to fill these gaps by using different techniques numerically using 
CFD and experimentally using vibration and acoustic condition monitoring techniques for 
detecting cavitation within a centrifugal pump. 
2.4. The Scope of Research  
Through the research and studies that were reviewed in this chapter it can be concluded that 
the performance of the centrifugal pump is influenced by a combination of many functional 
factors such as pressure, velocity, head, power and cavitation. Interestingly, cavitation has 
major effects on pump performance where the greatest drop in the performance might be due 
to the cavitation. The cavitation causes many problems in the pump such as deterioration in 
performance of the pump, increase in the levels of vibration and noise as well as it causing 
erosion of pump material (impeller and volute). For the above-mentioned reasons, the 
cavitation in a centrifugal pump was taken into consideration in this study. The detection of 
cavitation level in a pump and analysing this phenomenon is an important aspect to improve 
maintenance and enhance the reliability of the pump. This study will investigate and discuss 
the pump performance and detection/diagnosis of cavitation in the pump under different wide 
ranges of operation conditions. This will be carried out numerically and experimentally using 
different analyses techniques in order to increase the reliability of cavitation detection within a 
pump. Based on the above studies reviewed in this current chapter, the research scope regarding 
a centrifugal pump was designed. 
The first research area includes extensive analysis of the flow field, the pump performance and 
detection of cavitation. CFD tools will be considered to conduct the analysis in the first research 
area. Using CFD technique more information regarding the internal flow field can be provided. 
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Furthermore, the analysis will be carried out under the transient conditions using sliding mesh 
technique (SMT) for single-phase and cavitation conditions. In order to understand the flow 
structure within a pump, an extensive local and global analyses is going to be carried out for 
the effects of different operating conditions on the performance of a pump. Moreover, 
quantitative and qualitative analyses were also conducted to predict and diagnose different 
levels of cavitation in the pump under a wide range of operating conditions and different 
geometrical parameters. Based on the above analysis and the acquired results, novel semi-
empirical correlations of the head and power coefficients for the centrifugal pump will be 
developed.  
To better comprehend of the pump performance and detection of cavitation the second and 
third research areas consist of an extensive experimental analysis on the effects of different 
operating conditions on the pump performance under cavitation conditions using different 
techniques such as, vibration and acoustic techniques. There will be a focused on the condition 
monitoring of the pump system which is experimentally carried out using both time and 
frequency domains. Analyse the above vibration and acoustic signals by using different 
statistical parameters such as peak, root mean square (RMS), peak-to-peak and variance 
features in order to provide a good indication regarding detection of cavitation. Also, for further 
investigations and to better understand the prediction of the inception and development of 
cavitation levels in the pump, more specific features are required. These features can be found 
through transforming and investigating vibration and acoustic signals in the frequency domain 
by using FFT technique. Also, for further investigations in obtaining a more detailed 
information regarding the cavitation inception, analysing these signals in frequency domain 
were carried out using different statistical parameters such as mean and RMS features under 
various frequency ranges. Moreover, the comparison between vibration and acoustic analyses 
techniques under a wide range of operational conditions in both time and frequency domains 
was carried out. The aim of this study is to compare and find an adequate and reliable technique 
to detect and diagnose of cavitation in centrifugal pumps. Therefore, in this research an 
evaluation was carried out of these techniques and this study will be aimed at finding the most 
effective technique for monitoring and detecting cavitation. Furthermore, these techniques 
should be able to detect the inception of cavitation at an earlier stage.  
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2.5. Research Objectives  
Based on the research aims presented in the previous chapter and after conducting a detailed 
literature review, the following objectives were formulated which will assist in achieving the 
research aims presented in Chapter one and enable bridging the knowledge gap noticed in the 
literature:  
1. To analyse the flow field within the centrifugal pump based on single-phase at different 
operating conditions using sliding mesh technique under transient approach. 
2. To predict the cavitation phenomenon within the centrifugal pump by using cavitation 
model in CFD at various operating conditions using sliding mesh technique under transient 
approach. 
3. To investigate the effect of the different impeller geometrical parameters including (number 
of impeller blades, inlet and outlet impeller diameters) on the performance of the centrifugal 
pump under single-phase and cavitation conditions. 
4. To develop semi-empirical relations for the head and power coefficients in the centrifugal 
pump under single-phase and cavitation conditions. 
5. To detect the cavitation in the centrifugal pump based on vibration technique. The objective 
comprises developing MATLAB code to analyse and process the acquired data from 
vibration signal in both time and frequency domains under different flow rates.  
6. To investigate the cavitation within the centrifugal pump based on vibration technique under 
various pump rotational speeds. 
7. To detect the cavitation within the pump based on vibration technique under different 
suction valve openings. 
8. To study the effect of air injection on the performance of the centrifugal pump and detect 
the cavitation occurrence within a pump based on vibration technique. 
9. To detect the cavitation in the centrifugal pump based on acoustic technique under different 
flow rates. 
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10. To investigate the cavitation in the pump based on acoustic technique under various pump 
rotational speeds. 
11. To detect the cavitation within the pump based on acoustic technique under various suction 
valve openings. 
12. To analyse the cavitation in the centrifugal pump based on acoustic technique using air 
injection.  
13. To compare between vibration and acoustic techniques to find the sensitive frequency range 
and to conclude on the better effective technique for detecting and diagnosing cavitation in 
the centrifugal pump. 
In order for this study to reach a satisfactory conclusion of the above-mentioned research 
objectives, it uses CFD code and experimental study using condition monitoring based methods 
for detecting and diagnosing cavitation in the centrifugal pump. The next chapter explain the 
numerical modelling techniques incorporated in this current work. 
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CHAPTER 3  
3 NUMERICAL MODELLING OF THE CENTRIFUGAL PUMP USING 
CFD CODE 
 
 
 
To investigate the objectives of this research, CFD based technique was used to numerically 
simulate the transient flow of water within the centrifugal pump. Sliding Mesh Technique 
(SMT) was employed to mimic the rotation of the impeller. This chapter details the 
methodology used for the detection of cavitation as well as to evaluate the pump’s performance. 
A detailed explanation on the solver settings and boundary conditions is presented in this 
chapter for both single-phase flow and cavitation conditions in the centrifugal pump.   
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3.1. Introduction  
CFD code is widely used in designing, modelling and solving different industrial applications 
that are quite complex as it provides a good accuracy. CFD is often used for analysing the 
distribution and management of flow variables in various industrial processes such as 
compressors, pumps, turbines, furnace and boilers, hot rolling industries and other applications 
where thermal management and mixing are very important. The optimisation can assist in 
providing a very large energy saving. It is however now very important to have a tool such as 
a real-time CFD in analysing, controlling and optimising on-line various processes for 
industrial applications [92].  
CFD is a tool used for the simulation of the behaviour of fluid flow by the use of high-speed 
computers. There are well known mathematical equations that define the behaviour of fluid, 
gases and air in terms of the conservation of energy, mass and momentum equations. As the 
power of the computer increased in the early 1970’s, the aerospace industry began to pioneer 
the development of software in approximating solutions to all of these equations for 
complicated flows around air and that of space craft. For the last few decades, the CFD being 
developed has reached an advanced level to where solutions that are very accurate can be 
achieved for more complex flows including chemical reaction, particle tracking and heat 
transfer [93].  
Using CFD code can help build the 3-D domain using the computer. A computational mesh 
can then be introduced into this domain. This mesh then divides the flow domain region into 
several cells or control volumes. It is also for these models to contain several millions of these 
control volumes or cells. The CFD code is then used in solving the fluid motion equations such 
as conservation of energy, mass and momentum for every single cell. The results that would 
be obtained can then be plotted as different colour contours in order to show the variation of 
different parameters of flow in the domain, at any location. Therefore, analysis of the different 
flow pressure, velocities, species concentrations, temperatures and other parameters can then 
be obtained from the results. Animations, which are computer-generated, can be also created, 
offering visualisation of flow in observing the “real-time” flow motion. Quantitative and 
qualitative analyses in CFD code were used in analysing the results obtained [93]. 
3.1.1. Advantages of CFD Code 
In this section the main advantages of CFD analysis is described briefly: 
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1. It relatively reduces cost and saves time in order to build different new designs. 
2. It is now possible to analyse various flow problems that if done experimentally, it could be 
expensive and quite difficult. 
3. The use of CFD code can provide the capacity and capability in investigating the different 
types of systems under a wide range of operating conditions that are over their limits. 
4. The detailed design and analysis, the level of which CFD code can be applied is unlimited. 
5. To facilitating calculus, it is a requirement in simplifying the phenomenon mathematically. 
If this simplification was done properly, the result obtained from CFD can then be more 
accurate. 
6. CFD code provides different types of model that are best at describing multi-phase flows, 
turbulence phenomenon and other problems that are quite difficult to analyse. 
7. Any location in the flow domain of interest is allowed in CFD for the designer to examine 
and also interpret its performance through some flow and thermal parameters. 
8. In experiments, only at a limited number of locations permit the extraction of data in the 
system in places where gauges and sensors are placed [94]. 
3.2. Running of the CFD Code  
Computational fluid dynamics is designed for the analysis of fluid flow issues. Therefore, they 
provide simple access and powerful solutions to the entire commercial CFD, which contains 
complicated interfaces which is then left for users to input parameters of problems and study 
their outcomes. The entire code involves three main components which are: 
1. Pre–Processor  
2. Solver  
3. Post–Processor  
Pre–processing stage is further divided into two i.e. geometrical modelling and meshing of the 
flow domain. Geometrical modelling comprises of construction of the geometry of the flow 
domain (passages through which fluid flows), via operator–interface, in order to follow the 
transformations of such inputs into an appropriate shape that can be used by the solver. The 
flow domain is then spatially discretised into very small sections (called elements) on which 
the governing equations of fluid flow are solved iteratively using finite volume approach. This 
is known as the meshing process. Selection of the physical/turbulence models, applying 
appropriate boundary conditions and setting-up the convergence criteria are all part of the 
solver stage. This stage also involves providing initial conditions and running of the 
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simulations. The post-processing stage comprises of gathering the data for the various fluid 
and flow related parameters. Figure 3-1 depicts the numerical model steps using CFD code. 
 
Figure 3-1: CFD code steps [95] 
3.3. Governing Equations of Fluid Flow  
As discussed in the previous section, governing equations of fluid flow are being iteratively 
solved on each mesh element within the flow domain. The governing equations that were used 
in the present work are: 
1. Mass Conservation 
2. Momentum Conservation 
It should be noted that CFD codes are based on control volume approach, where the fluid is 
regarded as continuum. 
3.3.1. Mass Conservation  
The first stage of derivative of a mass conservation equation is to record the equation of mass 
balance for the liquid component: 
  (3-1)    
           
Increase of mass rate in liquid 
element 
= Net rate of flow of mass into 
liquid element 
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For each liquid, there is constant density, the mass conservation equation is: 
                                                       𝐷𝑖𝑣 𝑢 = 0                                                                      (3-2) 
The net flow of mass out of the element across its boundaries is described. The previous 
equation can be written as: 
                                                      
𝜕𝑢
𝜕𝑥
+  
𝜕𝑣
𝜕𝑦
+  
𝜕𝑤
𝜕𝑧
= 0                                                          (3-3) 
This equation (3-3) represents the three-dimension mass conservation or continuity at a given 
point in an incompressible fluid. 
3.3.2. Momentum Conservation 
The second law of Newton illustrated the rate of momentum change of a liquid particle which 
is equal to the sum of the forces acting on the particle: 
 
                                                                                                                                            (3-4)   
                                                                                                                                                        
Liquid particles have two types of forces. These forces are the body forces and surface forces. 
Body forces contain centrifugal and electromagnetic forces while, surface forces contain 
viscous, pressure and gravity force. It is a common practice to focus on the contributions of the 
latter (surface forces) as the discrete term in the momentum equations. In addition, the influence 
of body forces is also included as a source term. To find the x–element of the momentum 
equation of the rate change a liquid particle is setting equal to the total force in the x–direction 
on the component because of surface stresses, added to it the rate of increase of x– momentum 
because of sources, the equation is as next: 
                                         𝜌
𝐷𝑢
𝐷𝑡
=
𝜕(−𝑝+𝜏𝑥𝑥)
𝜕𝑥
+
𝜕𝜏𝑦𝑥
𝜕𝑦
+
𝜕𝜏𝑧𝑥
𝜕𝑧
+ 𝑆𝑀𝑥                                       (3-5) 
 
The y and z–components of momentum equation are given by:  
 
                                       𝜌
𝐷𝑣
𝐷𝑡
=
𝜕𝜏𝑥𝑦
𝜕𝑥
+
𝜕(−𝑝+𝜏𝑦𝑦)
𝜕𝑦
+
𝜕𝜏𝑧𝑦
𝜕𝑧
+ 𝑆𝑀𝑦                                             (3-6) 
 
The rate of momentum change 
of a liquid particle 
=
Sum of the forces acting on 
the particle 
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                                         𝜌
𝐷𝑤
𝐷𝑡
=
𝜕𝜏𝑥𝑧
𝜕𝑥
+
𝜕𝜏𝑦𝑧
𝜕𝑦
+
𝜕(−𝑝+𝜏𝑧𝑧)
𝜕𝑧
+ 𝑆𝑀𝑧                                            (3-7) 
3.3.3. Navier–Stokes Equations  
In a Newtonian liquid, the viscous stresses are related to the ratios of deformation. Generally, 
Newtonian fluid is incompressible therefore, the viscous stresses are only double, to the linear 
deformation, times the dynamic viscosity local rate. The Navier–Stokes equations are as 
following: 
 
       𝜌
𝐷𝑢
𝐷𝑡
= −
𝜕𝑝
𝜕𝑥
+
𝜕
𝜕𝑥
[2𝜇
𝜕𝑢
𝜕𝑥
+ 𝜆 𝑑𝑖𝑣 𝑢] +
𝜕
𝜕𝑦
[𝜇 (
𝜕𝑢
𝜕𝑦
+
𝜕𝑣
𝜕𝑥
)] +
𝜕
𝜕𝑧
[𝜇 (
𝜕𝑢
𝜕𝑧
+
𝜕𝑤
𝜕𝑥
)] + 𝑆𝑀𝑥   (3-8) 
 
      𝜌
𝐷𝑣
𝐷𝑡
= −
𝜕𝑝
𝜕𝑦
+
𝜕
𝜕𝑥
[𝜇 (
𝜕𝑢
𝜕𝑦
+
𝜕𝑣
𝜕𝑥
)] +
𝜕
𝜕𝑦
[2𝜇
𝜕𝑣
𝜕𝑦
+ 𝜆 𝑑𝑖𝑣 𝑢] +
𝜕
𝜕𝑧
[𝜇 (
𝜕𝑣
𝜕𝑧
+
𝜕𝑤
𝜕𝑦
)] + 𝑆𝑀𝑦    (3-9) 
 
      𝜌
𝐷𝑤
𝐷𝑡
= −
𝜕𝑝
𝜕𝑧
+
𝜕
𝜕𝑥
[𝜇 (
𝜕𝑢
𝜕𝑧
+
𝜕𝑤
𝜕𝑥
)] +
𝜕
𝜕𝑦
[𝜇 (
𝜕𝑣
𝜕𝑧
+
𝜕𝑤
𝜕𝑦
)] +
𝜕
𝜕𝑧
[2𝜇
𝜕𝑤
𝜕𝑧
+ 𝜆 𝑑𝑖𝑣 𝑢] + 𝑆𝑀𝑧   (3-10) 
 
Recently, CFD is being used to predict the performance of pumps [96]. In the present study, 
two types of numerical simulation were carried out in order to investigate the characteristics of 
the pump performance and visualise the flow field within a centrifugal pump. The first category 
was a numerical simulation under single-phase operating conditions. The second was to 
simulate cavitation under different operating conditions. In the former the flow was water and 
in the latter (cavitation model) the flow includes a two-phase mixture of water and vapour as 
the working fluid under transient analysis approach. In the next sections explanation will be 
given for the numerical research works that were carried out in this study to investigate the 
flow field behaviour and pump performance in both cases single-phase and cavitation 
conditions. 
3.3.4. Geometry  
CFD tool is commercially available and was utilised to investigate the three-dimensional 
turbulent fluid flow within a centrifugal pump under various operational conditions. Therefore, 
such code was extensively utilised by acknowledging satisfactory agreements between 
experimental and numerical results [6]. A numerical model of a pump in the present study was 
simulated with five impeller blades, the impeller was designed as a rotating part while the other 
parts of the geometry such as volute, inlet and outlet pipes were stationary as shown in Figure 
 
NUMERICAL MODELLING 
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
60 
 
3-2. All specifications of the centrifugal pump used in this investigation are summarised in 
Table 3-1. In order to simulate and mimic the 3-D centrifugal pump model in a real world 
scenario, the numerical model in this study was used the same specifications, dimensions, and 
geometrical parameters corresponding to the experimental model (F32/200AH from Pedrollo 
Company) in order to conduct, compare, and validate the numerical results with experimental 
results. 
Table 3-1 Specifications of the centrifugal pump 
Parameter Value 
Inlet diameter of the impeller 30mm 
Outlet diameter of the 
impeller 
215mm 
Pump rotational speed 2755 rpm 
Number of blades 5 
Thickness of blade  4mm 
Impeller type Backward type 
Length of the inlet pipe 1m 
Length of the outlet pipe 1m 
Inlet blade angle 17.09o 
Outlet blade angle 17.28o 
 
Figure 3-2: Geometry of the centrifugal pump model 
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3.3.5. Meshing of the Flow Domain  
The flow domain needs to be spatially discretised into a number of small parts, each one called 
a mesh element, so that the fluid flow governing equations can be solved on them. This study 
uses an unstructured tetrahedral meshing within the flow domain because of excessive mixing 
and irregular geometric profile of the impeller and volute geometry. Moreover, in order to 
accurately capture the near-wall effects on the fluid flow, a dense mesh is generated in the near-
wall regions of the flow domain. A mesh size of 1.6mm was specified for the impeller and the 
volute regions, while a mesh size of 3.5mm was used for the inlet and outlet sections. Mesh 
independence tests were carried out in order to find the optimal mesh sizing for accurate 
prediction of fluid flow within the domain, the details of which are presented in Chapter 5. The 
mesh elements within the impeller and the volute are shown in Figure 3-3. 
3.3.6. Calculate the Dimensionless Wall Distance (y+) 
In order to calculate y+ which is dimensionless value can use the following equations: 
 Friction Velocity 
It can be calculated using Eq. (3-11). 
                                                         u∗ = √
tw
ρ
                                                                (3-11)                                                                              
Where tw and ρ are represented the wall shear stress, and the fluid density.   
 Dimensionless Wall Distance y+ 
The y+ value is calculated by using Eq. (3-12). 
                                                        y+ =
u∗ 𝑦
v
                                                                     (3-12) 
Where, v represents the kinematic viscosity of the liquid, y and u* are defined as the distance 
and the friction velocity to the nearest wall. It is generally acceptable in numerical simulation 
using CFD code that the turbulent flow is to be valid in the area where y+ equal 30 [97-99]. 
Therefore, the average value of y+ in this current study was around 30 for all centrifugal pump 
parts. Table 3-2 summarises the calculation of y+ for impeller under different flow rates. For 
more details, APPENDIX A represents all y+ calculation results for volute, inlet and outlet 
pipes.  
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Table 3-2 Calculation of y+ for impeller 
No. Flow 
rate 
Density Kinematic 
viscosity 
Shear stress u* Y y+ 
 (l/min) (kg/m3) (m2/s *10-6) (Pa)  (m)  
1 100 998.2 1.004 109.76 0.3315 0.000092 30.38 
2 150 998.2 1.004 149.52 0.3870 0.000080 30.83 
3 200 998.2 1.004 192.26 0.4388 0.000070 30.59 
4 250 998.2 1.004 242.14 0.4925 0.000062 30.41 
5 300 998.2 1.004 305.35 0.5530 0.000055 30.29 
6 320 998.2 1.004 328.04 0.5732 0.000052 29.69 
      
(a)                                                                (b) 
Figure 3-3: (a) Mesh of the centrifugal pump (b) Mesh in the impeller 
3.4. Solving Settings in CFD Code for the Centrifugal Pump 
The following sections provide the solver settings details that were used in this study. 
3.4.1. The Physical Models Selection 
In this study, for the flow diagnostics, a pressure-based solver was selected due to the fact that 
the density of working fluid is water, remains constant. In addition, to obtain more accurate 
results from the numerical simulation a transient solver was chosen for the flow diagnostics of 
the pump. In order to provide accurate simulation results, it is essential to choose the turbulence 
model suitable for the simulation calculation as the turbulence model describes the Reynolds 
stresses distributions in the flow domains. This model is quite essential, as the flow fields 
within a centrifugal pump under different operation conditions are highly turbulent and 
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unsteady. Due to the complex separation and recirculation during the transient flow process, a 
reliable turbulence model selection is significant to simulate the performances more accurately. 
Therefore, in this study, the SST k-ω model was used in order to provide accurate results inside 
the centrifugal pump. The important reason behind selecting the k-ω model is due to this model 
being capable of capturing the extreme pressure gradients and the wake regions. In addition, 
this model can detect the variations in the flow parameters within a pump with reasonable 
accuracy. 
3.4.2. Boundary Conditions under Single-Phase Conditions 
In this study, sliding mesh was used to simulate the pump under single-phase conditions. The 
boundary conditions for the single-phase flow simulation are set at the inlet with different flows 
rates. The inlet velocity ranges from 0.85m/s to 3.1m/s, and outlet boundary condition is set as 
the outflow [100-102]. The experimental data for the centrifugal pump was obtained in the lab 
as detailed in Chapter 4, which was analysed in order to develop a performance prediction 
model for the pump. The centrifugal pump design condition parameters and water physical 
properties are summarised in Table 3-3. 
Table 3-3 Design condition parameters and are material properties of the centrifugal pump  
Design 
flow  
rate 
Head Rotational  
speed 
Atmospheric 
Pressure 
Fluid Density Kinematic  
viscosity 
(l/min) (m) (rpm) (Pa) (-) (kg/m3) (m2/s *10-6) 
300 38 2755 101325 Water 998.2 1.004 
3.4.3. Sliding Mesh Technique  
The sliding mesh must be used for an unsteady flow when a time accurate solution for a rotator 
and stator interaction is needed. The sliding mesh model is an accurate approach in simulating 
flows as compared to Moving Reference Frame (RMF). In the technique of sliding mesh, two 
or more zones of cells are manipulated. Each of these cell zones are bounded by at least one 
cell zone of interface meeting the opposing cell zone as shown in Figure 3-4. The interface 
regions of the nearest cell zones are linked with one another in order to create a mesh interface. 
The two cell regions move relatively to one another along the mesh interface. While, 
calculating the cell regions slide in relation to each other along the mesh interface in separate 
steps. As the flow is inherently unstable, a time-bounded solution procedure is required. The 
sliding mesh model permits adjacent meshes to slide in relation to each other [103]. 
 
NUMERICAL MODELLING 
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
64 
 
 
(a)                                                          (b)  
Figure 3-4: (a) Interaction between rotor-stator, and (b) Slides of rotor mesh with respect to 
the stator [108] 
Figure 3-5 depicts example of two-dimensional grid interface, it can be seen that the interface 
regions are composed of different faces include A-B, B-C, D-E and E-F. Hence, the intersection 
of these regions makes the faces a-d, d-b, and b-e. These faces produced in the area where the 
two cell regions overlap d-b, b-e, and e-c were grouped to form an interior region. Whereas, 
the remaining faces include a-d and c-f are paired up to form a periodic region [108].  
 
Figure 3-5: 2-D grid interface [108] 
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3.5. Solver Setting for the Single-Phase Conditions 
The solver settings are necessary to precisely predict the behaviour of liquid flow in the flow 
domain. In the current study, for the single-phase flow the SIMPLE (Semi-Implicit Method for 
Pressure-Linked Equations) algorithm for pressure–velocity coupling was used. Due to the use 
of such algorithm provides faster converges as well as it more accurate for flows within and 
around different geometries [104]. SIMPLE algorithm implements the velocity and pressure 
corrections to attain the pressure field and the mass conservation. The momentum equations 
are recorded based on the pressure gradient collected from the previous iteration or an initial 
guess of pressure distribution profile to achieve velocity profile. If the initial pressure 
distribution does not satisfy the continuity equation, pressure and velocities are corrected until 
they satisfy the continuity equation [104]. A Green–Gauss Node based approach was adopted 
to compute the gradients. This approach solves a constrained minimisation problem to 
restructure the exact values of a linear function at a node from surrounding cell–centred values 
on arbitrary unstructured meshes while preserving a second-order spatial accuracy. In most of 
the CFD solvers, discrete values of the scalars are stored at the cell centres. However, for the 
convection term, face values are required. The face values are the result of the interpolation of 
cell centred values. An upwind spatial discretisation scheme is adopted for this interpolation 
because in this scheme, the face value is calculated from quantities in the cell upstream, or 
upwind relative to the direction of the normal velocity. To obtain better accuracy in pressure, 
momentum, turbulent kinetic energy and turbulent dissipation rate, 2nd order upwind scheme 
were adopted [104]. In this thesis, Double Precision unsteady solver was used because it offers 
more precise results. For pressure, density, body force, momentum and energy, the under 
relaxation factor was set at 0.3, 1, 1, 0.7 and 1 respectively in order to obtain better converge 
from the numerical solution. 
3.6. Interaction between the Impeller and Volute  
The flow field within a centrifugal pump is highly complicated the relative rotation between 
volute and impeller causes unstable flow and hence leads to the generation of more pressure 
fluctuations and increased level of noise and vibration. As a result, that leads to a decrease in a 
pump life due to fatigue which in-turn affects the pump performance [105]. However, the 
knowledge regarding analysis of transient pressure fluctuations in both time and frequency 
domains due to interactions between the impeller and volute under different operating 
conditions and various geometrical parameters are still not conclusive and need more 
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investigation. Therefore, to achieve this knowledge in this study, numerical technique by CFD 
code was used in order to study the effect of interactions. Further detailed information 
regarding this interaction between the impeller and volute will be provided in Chapter five. 
In order to investigate the occurrence of cavitation within the centrifugal pump, it is necessary 
to calculate the performance under single-phase first and then taking these results as the basis 
for the initial conditions of cavitation calculation. Therefore, a detailed discussion of suitable 
solver settings and boundary conditions is presented in this next section under cavitation 
conditions.   
3.7. Cavitation Model in the Centrifugal Pump  
Information regarding cavitation model is provided in this section as it was used in CFD code. 
Such cavitation model is useful to simulate and mimic cavitation influences in two-phase flows 
when a mixture model is employed [106].  
3.7.1. The Overview Regarding the Cavitation in CFD 
The fluid at constant temperature is subjected to a decline in pressure, which might fall under 
the saturated vapour pressure. Such reduction in pressure initiates the process of vaporisation 
of liquid at constant temperature, which is named as cavitation. Additionally, the fluid contains 
dissolved or ingested micro bubbles of non-condensable gases, which might grow and lead to 
form cavities under reducing pressure. In this study, the implementation of cavitation is based 
on what is called cavitation model, which represents the second-order effects (e.g. bubble 
dynamics phase change, non-condensable gases, turbulent and pressure fluctuations). What 
distinguishes such a model is its ability to represent multiphase N-phase flows, multiphase type 
transport flows, the impact of slip velocities between the fluid and vapour phases, as well as 
thermal impacts and compressibility of fluid and vapour phases [106].  
3.7.2. Cavitation Model 
The characteristics of the two-phase cavitation model are:  
 The cavitation model under investigation includes merely two phases and these phases are 
liquid-water and water-vapour.  
 The model takes into consideration bubble formation (evaporation) and the collapse of 
bubbles (condensation).  
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Such cavitation model provides the following abilities:  
 The cavitation model represents the mass transfer between the liquid-water and water-
vapour.  
 It is well-matched with most available turbulence models in FLUENT.  
 It is applicable to be solved with the mixture energy equation.  
 It can be used with both sliding mesh and non-conformal interfaces. 
 It can be used with both incompressible and compressible fluid or vapour phases under the 
assumption that the non-condensable gases are always compressible.  
 The usage of mass transfer model parameters for cavitation (e.g. liquid surface tension 
coefficient, vaporisation pressure) could be either constant or a function of temperature 
[106].  
3.7.3. Schnerr and Sauer Model 
The Schnerr-Sauer model is used to predict cavitation flow in many applications such as 
propellers, hydrofoils, and pumps, and it can be used in the centrifugal pump in order to detect 
cavitation where the Schnerr-Sauer model is defined as [107]: 
                                𝑅𝑐 = 3
𝜌𝑣𝜌𝑙∝𝑣 
𝜌
(1−∝𝑣)
𝑅𝐵
 √
2 𝑝𝑣−𝑝
3𝑝𝑙
          𝑃 < 𝑃𝑣                                 (3-13) 
 
                                 𝑅𝑐 = 3
𝜌𝑣𝜌𝑙∝𝑣 
𝜌
(1−∝𝑣)
𝑅𝐵
 √
2 𝑝𝑣−𝑝
3𝑝𝑙
          𝑃 > 𝑃𝑣                                 (3-14) 
Where, 𝑅𝑐 is the mass transfer rate, 𝜌, 𝜌𝑣 , 𝜌l are denoted the fluid density, vapour and liquid 
fluid density respectively. ∝v represents the vapour volume fraction. 𝑅𝐵 represents bubbles 
radius which can be calculated by using the equation: 
                                        𝑅𝐵 = [
3∝𝑣
4𝜋𝑁1(1−∝𝑣)
]
1
3⁄
                                                        (3-15) 
Where, 𝑝𝑣, 𝑝𝑙 are represented vapour and liquid pressures, and N1 is the number of vapour 
bubbles per unit volume of fluid. 
3.7.4. Solver Settings for the Cavitation Model 
In this study, the simulation was conducted using the Coupled algorithm for the pressure-
velocity coupling. Furthermore, the following schemes are utilised: 
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The coupled solver is chosen in order to solve the momentum equations that could lead to faster 
convergence and a more robust calculation [108, 109]. The coupled solver is used to simulate 
the cavitation flows especially in rotating machineries such as pumps, turbines impellers and 
inducers [108]. In order to correct the pressure between iterations, the PRESTO scheme is 
utilised [110]. The PRESTO can be used when the flows have highly swirling, including steep 
pressure gradients and the flow domains have curved boundaries such as pumps, fans, and 
turbines [111]. For momentum, density, turbulent dissipation rate and turbulent kinetic energy, 
second order upwind schemes were used as the second order upwind provides a more accurate 
calculation compared to the first order upwind. 
3.7.5. Relaxation Factors  
Generally, small relaxation factors are recommended to be used for momentum equations 
ranging from 0.05 to 0.4. In addition, the pressure-correction equation should have a relaxation 
factor ranging from 0.2 to 0.7. Furthermore, the vaporisation mass and density (e.g. source term 
in the vapour equation) can be relaxed in order to enhance convergence. Usually, the density 
relaxation factor ranges from 0.3 to 1.0 value, while that of the vaporisation mass may be 
appropriately set between 0.1 and 1.0 [106].  
3.8. Prediction of Cavitation in the Centrifugal Pump Using CFD  
A 3-D computational model of the centrifugal pump was used in CFD code. Because of the 
high geometric complexity of the pump, the unstructured grid cells are generated to define the 
geometry as mentioned earlier. A sliding mesh is applied to consider the interaction of an 
impeller and volute. The SST k-ω model, coupled algorithm and multiphase mixture were 
selected in FLUENT, in this study the convergence precision of residuals is set to be 10-6. The 
head and NPSH of a centrifugal pump can be found in the next equations [112]: 
                                                            H =
Po−Pi
ρg
                                                               (3-16) 
                                                          NPSH =
P−Pv
ρg
                                                           (3-17) 
Where Pi, Po are the total inlet and outlet pressure, ρ is the fluid density, g is the gravitational 
acceleration, and Pv is the vapour pressure. 
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3.8.1. The Performance of Cavitation in Centrifugal Pumps  
In order to investigate cavitation in pumps, it is necessary to calculate the performance under 
single-phase first, and then taking the results as the basis for the initial conditions of cavitation 
calculation [116-118]. 
3.8.2. Boundary Conditions for the Cavitation Model 
1. The boundary condition at the inlet is velocity. 
2. The outlet is the static pressure to obtain the pressure distribution and the volume fraction of 
gas liquid phase [119]. 
3.9. Convergence Criteria  
It is critical to take into consideration the convergence criterion factor. The convergence 
criterion for the continuity in three dimensions was taken as 10-6 in order to obtain more 
accurate results. 
After describing the numerical simulation model based on both single-phase and cavitating 
model conditions for the centrifugal pump in the above sections, the next chapter will describe 
the design and construction of the centrifugal pump experimental setup including all parts, 
sensors, and equipment. 
 
EXPERIMENTAL SETUP 
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
70 
 
 
 
 
 
CHAPTER 4 
4 EXPERIMENTAL SETUP 
 
 
 
This chapter explains design and construction of the centrifugal pump test rig and associated 
experimental setup. In addition, it provides detailed information about the entire experimental 
equipment such as piping system and descriptions of all the sensors that were used in this study 
such as pressure transducers, accelerometer, microphone, flow metres, and data acquisition 
system. It also describes the procedure for the measurement system in order to monitor and 
detect cavitation in the pump. This chapter also provides a brief explanation regarding to the 
techniques that were used in order to detect cavitation such as vibration and acoustic techniques 
in both time and frequency domains. Furthermore, it includes the uncertainty analysis and 
calibration procedure for different sensors.  
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4.1. The Experimental Setup for the Centrifugal Pump 
The main aims of the present study are to determine the pump performance and detect 
cavitation in the centrifugal pump numerically and experimentally. CFD code, which was 
already explained in Chapter 3, will be used to analyse the pump performance and the detection 
of cavitation as will be detailed later in Chapter 5. The detection of cavitation experimentally 
was carried out by using different sensors such as accelerometer, microphone and pressure 
transducers at suction and discharge of the pump. To achieve these aims experimentally, it was 
essential to construct and design an appropriate experimental setup for the centrifugal pump. 
The designing of this experimental setup will be discussed in more details in the next section. 
Figure 4-1 and Figure 4-2 depict the different parts and dimensions for the flow loop system 
of the centrifugal pump, and Table 4-1 provides the flow loop components and equipment. The 
centrifugal pump can supply water to the tank with a maximum pressure of about 10bar. The 
selected flow loop system was re-circulatory and included a plastic water tank, PVC clear pipes 
and PVC connections components. The inlet pipe diameter of the pump was 2 inches. Also, the 
outlet pipe diameter of the pump used was 1.25 inches. Thus, a reducing coupling of 1.25 to 
1.5 inches was used to connect the outlet pipe to the water flow meter line. The tank was made 
of plastic with dimensions of 95×90×110cm. All pipes were transparent pipes as shown in 
Figure 4-3, the reason behind that is to permit observation when the cavitation occurs. The 
connections of the flow loop of the centrifugal pump and the water tank are made through use 
of various sizes of PVC pipes. APPENDIX B provides more details of piping system 
components.     
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1- Water tank                                  8-  Air supply 
2- Suction valve                              9- Air flow meter 
3- Suction pressure transducer       10- Data acquisition system 
4- Centrifugal pump                       11- PC 
5- Accelerometer sensor                 12- Discharge valve 
6- Microphone sensor                     13- Water flow meter 
7- Discharge pressure transducer    14- Hopper 
Figure 4-1: Components of Experimental setup for flow loop system 
 
Figure 4-2: Dimensions of the flow loop system 
 
Figure 4-3: The transparent pipe 
Table 4-1 Experimental setup components 
No. Components Quantity Notice 
1 Centrifugal pump 1  
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2 Water flow meter 1 Discharge pipe of the pump 
3 Low pressure transducer 1 Suction pipe 0-5 bar 
4 High pressure transducer 1 Discharge pipe of Pump 10 bar 
5 Accelerometer 1 Attached with outlet volute of the pump 
6 Acoustic microphone 1 Near the outlet volute of the pump 
7 Speed controller 1 To control the pump rotational speed 
8 Power supply 1 20 volt for two pressure transducers at 
suction  and discharge sides of the pump 
9 Air flow meter 1 Suction pipe 
10 Thermometer  1 To measure water temperature  
11 Hopper 1 To calibrate the water flow meter 
12 Data Acquisition 1 To collect different data from different 
sensors 
13 PC 1 To collect, save, and analysis data from 
different sensors  
4.1.1. Procedure on how Measurement are Taking within the Experimental Setup 
It would be essential to measure the following system parameters in the experimental setup of 
the centrifugal pump: 
 Measurement of the inlet water temperature using thermometer.  
 Measurement of the water flow rate using a TM150 from GPI 1½ inch flow meter. 
 Measure water pressure signals at inlet and outlet using IMP-Industrial Pressure Transmitter 
types IMP-G5000-6A4-BCV-03-000 for 5bar and IMP-G1002-7A4-BCV-03-000 for 10bar. 
 Measurement of the air flow using an air flow meter type mass flow meter FMA 1700/1800 
series from OMEGA Engineering INC. 
 Measure vibration signal in the pump using the accelerometers type IEPE (small size, high 
sensitivity) model CA-YD-1182 position at the outlet volute near tongue region. 
 Measure the acoustic signal using a free-field accurate microphone model CHZ-223 and 
ICP microphone preamplifier model YG-201 position at approximately 50mm from the 
outlet of the centrifugal pump. APPENDIX B provides more details of the procedure for 
operating the flow loop system. 
4.1.2. Construction of the Experimental Setup 
The experimental setup in this research study was particularly designed and built in order to 
study the detection of cavitation within a centrifugal pump. It was built at the fluid laboratory 
inside the Technology Building at the University of Huddersfield and this process took ten 
months to be completed. Typically, an experimental setup should be capable of operating and 
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monitoring the cavitation phenomenon in the centrifugal pump through the use of different 
monitoring techniques. So, various kind of sensors are incorporated for measuring various 
parameters; for example, water temperature, water flow rate, air flow rate, vibration signal, 
acoustic signal, and pressure at inlet and outlet pipes. All of these parameters are useful to 
detect and diagnose cavitation in the pump. The experimental setup in this study was 
appropriately conducted using different test measurements under various ranges of operating 
conditions. This specific pump setup was chosen amongst other setups that were widely used 
for industrial applications in the detection of cavitation. Selecting the proper size and correct 
type of the pump can considered as a fundamental procedure in determining the experimental 
setup. This is because the pressure and capacity of the pump determines the specified 
requirement for all other components in the setup such as pipes, tank, flow meter, and pressure 
transducers. Another significant factor in selecting the pump is the size of the design space in 
constructing the experimental setup. In this work, the design and construction of the 
experimental setup was classified into four important steps. The first step includes the design 
of the flow loop of the pumping system. The second step identifies all requirements such as the 
installation of the entire piping system and parts needed for the experimental setup. The third 
step is identifying what is needed in the loop such as installation of all sensors including the 
water flow meter, airflow rate, pressure transducers, accelerometer, microphone and other 
equipment. The fourth step is to connect all sensors with data acquisition system and PC. Figure 
4-1 above depicts the schematic diagram of the experimental setup used in present 
investigation.  
4.1.3. Centrifugal Pump 
Figure 4-4 depicts the centrifugal pump that was applied in this experimental work. The made 
of the applied pump is the F32/200AH series standardised centrifugal pump from Pedrollo 
Company. This type of pump consists of a single stage and closed type impeller. It is powered 
by a 4kW, 5.5HP, 3-phase driven motor. The current is 8.9A and voltage ranges between 380 
to 400V. The design parameters for this pump are flow rate of up to 380(l/min), head of about 
46m at the designed flow rate, five impeller blades and design rotational speed of 2900rpm. 
APPENDIX B summarises the overall dimensions such as positions and sizes of the suction 
and discharge parts and other dimensional characteristics that comply with such standards. It 
is recommended from manufacturer’s data sheet to use clean water for the pump in order to 
avoid any chemical damage to the pump parts. Therefore, the design of such pump allows 
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simpler dismantling without disconnecting the pump body from the pipeline, which has made 
it very suitable for experimental work in case any change to the motor, impeller, or bearings is 
required. Table 4-2 summarises the technical specifications of Pedrollo F32/200AH pump and 
motor. 
 
Figure 4-4: Centrifugal pump type F32/200AH  
Table 4-2 Technical specifications of Pedrollo F32/200AH centrifugal pump [120] 
Pump Manufacturer  Pedrollo 
Type of the Centrifugal pump  F32/200AH 
Head  44 –55m 
Capacity  6–30m3/h 
Rotational speed  2900rpm 
Number of blades 5 blades 
Maximum pressure  10bar 
 Type of impeller  Closed, brass 
Number of impeller stages  Single 
Power supply 4kW 
Frequency  50Hz 
Maximum current  8.9A 
Maximum voltage  400V 
4.2. Types of Sensors for Monitoring Systems 
Generally, sensors are regarded as important parts of a measurement system. The core functions 
of the sensors are to obtain a physical parameter as well as transform it into a signal that can 
be collected using the acquisition system. Usually, different types of sensors can be used for 
measuring and detecting the physical parameters in order to monitor machine condition, for 
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example, temperature, noise, vibration, current and speed signals [121]. In the next sections all 
sensors will be described. 
4.2.1. Vibration Sensor 
Commonly, vibration is the widely utilised parameter in the condition monitoring of rotating 
systems such as pumps, turbines and compressors.  
  
Figure 4-5: Accelerometer and its location on the centrifugal pump 
As mentioned in Chapter one, the cavitation process in the pump includes the start of formation 
and collapse of huge bubbles. As a result of the bubbles collapsing this generates vibration in 
the pump. Therefore, the vibration within the pump provides a good indication of the 
occurrence of cavitation. Consequently, cavitation could be predicted and diagnosed by 
monitoring vibration signals through the use of an appropriate sensor such as accelerometers. 
In this current study the accelerometer type IEPE model CA-YD-1182 was used at the outlet 
volute near tongue region as depicted in Figure 4-5. The accelerometer range of frequency is 
between 0Hz to 15kHz and the operation temperatures range between -40 and +120°C. Table 
4-3 summarises all the accelerometer specifications.  
Table 4-3 Specifications of the accelerometer sensor [122] 
Vibration accelerometer sensor 
 Axial sensor sensitivity (20±5°C)  100mV/g  
Measurement sensor range (peak)  50g  
Transverse of the sensor sensitivity  ≤5 %  
Frequency response range (0.5dB)  0.5 to 15,000 Hz  
Mounting frequency resonance 40,000 Hz  
Polarity  Positive  
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Range of the operating temp.  -40 to +120 °C 
Shock of the sensor limit (±peak)  3,000g 
Operating accelerometer current  +2 to +10 mA (typical 4mA) 
Output accelerometer signal ≤6V 
Noise (1 to 20kHz)  ＜0.5 mg 
Base strain accelerometer sensitivity  0.2mg/με 
Magnetic sensitivity  1.5g/T 
Thermal transient of the sensor 
sensitivity  
10mg/°C 
Output accelerometer impedance  ＜100 Ω 
Weight  9g 
4.2.2. Microphone (Acoustic Sensor)  
In Chapter one of this thesis, it was explained that as cavitation occurs in pumps, the noise level 
increases. Therefore,  in this study a microphone was used in order to monitor and obtain more 
information regarding the cavitation. A free-field accurate microphone model CHZ-223 is 
employed for gaining the acoustic signal. It is obvious that the location of the microphone is 
very important to record the best acoustic signals. Therefore, in this study, several tests were 
carried out to ascertain the optimum microphone position. Hence, it was found that the best 
position needs to be about 50mm in distance from the outlet of the pump to the mounted 
microphone as depicted in Figure 4-8, the diameter of the microphone is 12.7mm (0.50inch), 
sensitivity 250Hz 31.6mV/Pa, the operating temperature between -10ºC and +50ºC. Table 4-4 
summarises the technical specification of the microphone that was utilised on the experimental 
setup of the centrifugal pump.  
Table 4-4 Specifications of the microphone sensor [123] 
Acoustic microphone sensor 
Microphone diameter 12.7mm (0.50”) without grid ;13.2mm (0.52”) with grid  
Height 16.0mm (0.63”) without grid ; 17.2mm (0.68”) with grid;  
Weight of microphone 9g 
Case material MONEL 
Mounting to amplifier 11.7 mm – 60UNS 
Sensing element Electret condenser 
Sensitivity (250Hz）31.6mV/Pa  (at 250Hz,open-circuit,–30dB±2dB  
ref.1 V/Pa) 
Range of frequency  20Hz to 20kHz 
Dynamic range >140dB SPL within 3% distortion 
 
Thermal noise <20.0dB 
Temperature coefficient-
0.01dB within the range 
-10ºC and +50ºC 
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Figure 4-6: Microphone  
4.2.3. Microphone Pre-amplifier YG-201 
The second most important part of the microphone is the preamplifier (type YG-201 ICP). 
Microphone preamplifier helps to condition the output signal. This simple pre-amplifier can be 
seen in Figure 4-7. The operating temperature range of this pre-amplifier is between -40°C and 
+85°C, the power requirements is between 2 to 20mA with nominal power of 4mA, connector 
type is the BNC connector and has a dimension of 12.7mm (1/2”)×70mm (including the 
connector). Table 4-5 summarises the specifications of the YG-201 ICP Microphone 
Preamplifier. 
 
Figure 4-7: Microphone Preamplifier 
Table 4-5 Specifications of the YG-201 ICP microphone preamplifier [124] 
Microphone preamplifier 
Frequency Response of the  
preamplifier (ref. 250Hz) 
16Hz to 100 kHz, ±0.5dB 
Nominal attenuation -0.3dB 
Input impedance 2GΩ, <0.4pF 
Output impedance 100Ω 
Maximum output voltage 5.0Vrms(Corresponding to 134dB  
SPL (Sound Pressure Level) for  
microphone sensitivity of 50mV/Pa) 
Noise <5.0μV A-weighting 
<15.0μV Lin., 22.4Hz - 22.4 kHz 
Power supply requirements ICP supply, 2 to 20mA. Nominal 4mA 
Type of connector Connector type BNC  
Dimensions 12.7mm (1/2”) × 70mm (including connector) 
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Preamplifier mounting Thread 11.7mm -60UNS (for standard 1/2 inch  
microphones) 
Range of operating temperature  -40°C to +85°C 
Humidity range 0 to 98%RH 
 
Figure 4-8: Microphone and its location on the centrifugal pump 
4.2.4. Pressure Transducers 
As already described in Chapter one, the impeller of the pump applies a force on the liquid 
being pumped. At the pump inlet, the level of pressure has an important influence on the 
performance of the pump. Cavitation occurs in the pump when the pressure at the inlet of the 
pump, which is named as the net positive suction head available NPSHA, is equivalent to or 
below the vapour pressure of a fluid. Therefore, monitoring of pressure at the pump inlet and 
outlet is regarded as another significant method of detecting and monitoring cavitation. Thus, 
pressure sensors are installed at the inlet and the outlet pipes of the pump to measure pressure 
signals. In this study, measuring the maximum pressure at the discharge pipe was carried out 
by the pressure transducer made by Impress Control (model number IMP-G5000-6A4-BCV-
03-000). The pressure range on this transducer is between 0 to 10bar. To measure the low-
pressure at the suction pipe, another pressure transducer was used, also from Impress Control 
(model number IMP-G1002-7A4-BCV-03-000), having different pressure range from 0 to 
5bar. The operating temperature for both transducers is between -20 to +80°C with accuracy 
of less than ±0.25%, with supply voltage of between 9-32V DC. The pressure transducers are 
chosen according to the estimate of the predicted pressure in the experimental setup. According 
to the manufacturer’s guidelines, the pressure of water in a pumping system ranges from 0 to 
5bar also the pump’s maximum operating pressure is 10bar. Figure 4-9 shows the pressure 
transducers used in this study. Table 4-6 and Table 4-7 summarise the technical specifications 
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for both pressure transducers. In order to calculate the head across the pump in this 
experimental work, two pressure transducers were used. Both pressure transducers were 
positioned two diameters (2D) downstream of the inlet pipe and inlet flange of the pump, and 
two diameters (2D) upstream of the outlet pipe from outlet flange of the pump [2].  
Table 4-6 Specifications of the suction pipe pressure transducer [125] 
Manufacture IMP - Industrial Pressure Transmitter 
Type IMP-G5000-6A4-BCV-03-000 
datum of pressure  Gauge 
Range of pressure  0 - 5 Bar 
Output signal 0 - 5V / 4-wire 
Accuracy of the transducer  
(Combined NL&H) 
<±0.25% / FS (Full Scale) 
Accuracy of the transducer  
(Thermal Zero Shift) 
<±0.04% / FS / °C 
Type of connection Large Plug & Socket (GDM3009, DIN43650) 
Process connection 1/4" NPT (National Pipe Thread Taper) male 
O Ring material Viton 
Length of cable  3metre (industrial PVC) 
Specials Code No special requirements 
Diaphragm material Aluminium oxide 96% (Ceramic Al2O3) 
Process connection material Process connection material 
Range of temperature -20 to +135°C 
Operating temperature -20 to +80°C 
Voltage supply  9 - 32V dc 
 
 
(A)                                                                    (B) 
Figure 4-9: Pressure transducers at (A) Pump inlet (0-10bar), and (B) Outlet (0-5bar)   
Table 4-7 Specifications of the discharge pipe pressure transducer [125] 
Manufacture IMP - Industrial Pressure Transmitter 
Type IMP-G1002-7A4-BCV-03-000 
Datum of pressure  Gauge 
Range of pressure  0 - 10 Bar 
Output 0 - 5V / 4-wire 
Accuracy of the transducer  <±0.25% / FS 
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(Combined NL&H) 
Accuracy of the transducer  
(Thermal Zero Shift) 
<±0.04% / FS / °C 
Type of connection Large Plug & Socket (GDM3009, DIN43650) 
Process connection 1/4" NPT (National Pipe Thread Taper) male 
O Ring material Viton 
Length of Cable  3metre (industrial PVC) 
Specials code No Special Requirements 
Diaphragm material Aluminium oxide 96% (Ceramic Al2O3) 
Process connection material Process connection material 
Range of temperature -20 to +135°C 
Operating temperature -20 to +80°C 
Voltage supply  9 - 32V dc 
 
Figure 4-10: Pressure transducers and their location at the pump inlet and outlet  
4.2.5. Water Flow Meter 
The flow rate at which fluid is moved or pushed by the pump to the desired point is defined as 
the pump capacity. According to some previous studies [84, 88] the flow rate is influenced by 
cavitation. Therefore, it is essential to monitor flow rate on the centrifugal pump experimental 
setup. However, in this study, the water flow meter model chosen is the TM150 from GPI. The 
1 ½ inch TM series water flow meter as shown in Figure 4-11. Moreover, Table 4-8 summarises 
the technical specification details of this flow meter. According to the manufacturer's 
guidelines, the flow meter was installed 5D downstream of the inlet flow pipe diameter and 
10D upstream of the outlet flow pipe diameter, in order to make sure that the flow inside the 
pipe was fully developed [126]. 
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Figure 4-11: Water flow meter 
Table 4-8 Specifications of the water flow meter [127] 
Flow meter manufacturer   GPI 
Type of Flow meter TM150, 1 ½ in 
Type of Fitting Schedule 80 Spigot (pipe) end 1 ½ in. 
Accuracy of the flow meter ±3.0 % of reading 
Range of flow rate 10 to 100 GPM 
38 to 380 LPM 
Operating temperature +32 to +140 ºF 
0 to +60 ºC 
Powered supply  5 Year Lithium battery 
Display reading LCD 6 digits 
Reads Gallons litres 
Electronic choice Computer (Local) Rate of Flow, Field 
Calibration, Batch, and Cumulative Total 
options 
Rating of pressure  225 PSIG 
15.3 bar 
at 73º F / 23º C 
4.2.6. Air Flow Meter 
This experimental work also makes use of an air flow meter, which is a mass flow meter type 
FMA 1700/1800 series from OMEGA Engineering INC as shown in Figure 4-12. This mass 
flow meter measures the amount of air injection through the suction side of the centrifugal 
pump. It works under an ambient temperature of between 0 and 50°C, and the transducer power 
of about 12 VDC. All specifications of this flow meter are summarised in Table 4-9. 
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Figure 4-12: Air flow meter  
Table 4-9 Specifications of the FMA air flow meter [128] 
Air flow meter 
Accuracy ±1.5% of full scale 
Pressure coefficient 0.01% of full scale per psi (0.07 bar) 
Response time 800 msec time constant; 2 seconds (typical) to within 
±2%  
of set flow rate over 25 to 100% of full scale 
Power supply requirements 12 to 26 Vdc power @200 mA maximum 
Maximum pressure gas  1000 psig (70 kg/cm² gauge) 
Ambient and gas 
Temperature 
0 to 50°C 
Materials in fluid contact     Aluminium models: Anodized aluminium, 316 SS, 
brass  
and FKM O-rings 
    Stainless Steel models: 316 SS and FKM O-rings 
Output air flow meter 
signal 
Linear 0 to 5 Vdc: 1000 Ω minimum load 
    4 to 20 mA: 50 to 250 Ω loop resistance 
Power of the transducer  12 Vdc @ 200 mA maximum 
Weight of air flow meter 1.1 kg 
4.2.7. Power Supply 
This experimental test was used power supply type (Rapid 10A 0-30V Triple Output Digital 
DC Regulated) from PROTO-PIC as shown in Figure 4-13 in order to power the two pressure 
transducers. The input voltage for the power supply is 230V AC 50Hz and the output voltage 
varying from 0-30V DC with a rated output current 10A. Table 4-10 summarises the 
specifications of this power supply. 
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Figure 4-13: Power supply  
Table 4-10 Specifications of the power supply [129] 
 
 
 
 
 
 
 
4.2.8. Thermometer  
A dual channel temperature type K thermocouple with backlight LCD thermometer was used 
in this experimental work as shown in Figure 4-14 in order to measure the water temperature 
and hence to calculate the water vapour pressure via this water temperature from tables of water 
properties. This thermometer consists of two main parts, the first being the temperature sensor 
(thermocouple) type (K) and the second part is LCD screen.  
Manufacture PROTO-PIC Company 
Input supply  voltage 230V AC 50Hz 
Output voltage  supply 
variable 
0-30V DC 
Output current rated 10A 
Output voltage 1 5V DC 500mA (max. 1A) 
Output voltage 2 12V DC 500mA (max. 1A) 
Noise  and ripple  5mV 
Load regulation 30mV 
Line regulation 10mV 
Cooling systems Thermostatically 
Power supply dimensions 205 x 125 x 280mm 
Weight of the power supply 6.5kg 
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Figure 4-14: Thermometer 
4.2.9. Data Acquisition System  
The main aim in using the data acquisition system was to record and collect the signals from 
all of sensors that are used, including an analogue device and signal conditioning units. This 
DAQ system displays all of the different types of signals from the sensors/transducers on the 
PC screen or an oscilloscope in the form of values and curve plots. Figure 4-16 depicts the 
schematic diagram to connect all sensors with data acquisition system used for this current 
study. The type of data acquisition used in this study is Voltage/IEPE (Integrated Electronics 
Piezo Electric) data acquisition system (USB 2.0) YE6232-16 channels, from Global Sensor 
Technology (GST), which was made by Sinocera as shown in Figure 4-15. It was used to 
capture the voltage signals from different sensors and then transfer these signals to digital 
signals. 
Each sensor, such as pressure transducers at inlet and outlet pipes, is connected to a power 
supply between 0 and 30 volts. They are then connected to the data acquisition system by 
coaxial BNC cables which then connects to PC through a USB port. The accelerometer and 
microphone with preamplifier are connected directly to the same data acquisition system by 
coaxial BNC cables and connect to a PC through a USB port. Figure 4-15 shows the data 
acquisition system. The output data collected from the different sensor such as an 
accelerometer, microphone and pressure transducers are then fed into this data acquisition 
system. The sampled frequency of this particular data acquisition was set at 96kHz which 
collected data being fed and saved it on the PC for analysis in time and frequency domain. The 
technical specifications for the voltage/IEPE data acquisition system include IEPE power 
supply of 4mA/+24VDC. DC signal frequency range of 30kHz (-3dB±1dB). DAQ accuracy of 
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±0.5%, sample rate of 96kHz, operating temperature is between 0 and 50°C. Humidity of 
between 20 and 80% RH, and power supply AC of 220V/50Hz as shown in Table 4-11. 
 
Figure 4-15: Voltage/IEPE data acquisition system  
Table 4-11 Technical specifications for voltage / IEPE data acquisition system  
Manufacture Global Sensor Technology (GST) which was made 
by Sinocera Company 
Channels 16/32(Selectable) 
A/D bits 24bit (Σ-Δ) 
Input DAQ Mode V/IEPE (Integrated Electronics Piezo Electric)/TEDS 
(Transducer Electronic Data Sheet) 
Power Supply 4mA/+24VDC 
Range of the signal input  ≤±10VP 
Range of the signal 
frequency  
DC-30kHz (-3dB±1dB) 
Filter Independent Anti-filtering 
Accuracy of the  DAQ ±0.5% 
Maximum sample rate  96kHz/CH, Parallel 
Type of interface USB2.0 
Modes of trigger  Signal trigger; external trigger 
Operating temperature 0 to 50°C; 
Range of Humidity 20 to 80% RH 
Dimensions of the DAQ 
(mm) 
426W×88H×300D  
Weight of the DAQ 4Kg 
Power supply AC220V50Hz/110V60Hz 
Type of software  YE7600  Software used for general test and analysis  
Cable  interface cable, Input cable, and power cable  
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Figure 4-16: Schematic diagram for connection different sensors with the data acquisition 
system and signal processing system 
4.2.10. Interface Software Panel 
Interface software panel provides an interface between the user and the data acquisition system 
for monitoring, collecting, saving and getting visual data from the experimental setup, by using 
different monitoring sensors in order to process and analyse the data through the use of 
programming languages (e.g. MATLAB code). Thus, another aim of this study is to develop 
MATLAB code to analyse and process the acquired data from different sensors such as 
pressure, vibration and acoustic signals in time and frequency domains. The interface panel 
software can be changed through various operations parameters (e.g. sampling of data time, 
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and sampling of frequency). Figure 4-17 shows the interface software panel that was used in 
this study. 
 
Figure 4-17: Interface software panel type (YE6232) 
The next section will briefly explain the various techniques that were used in this experimental 
study in order to detect cavitation in the centrifugal pump. 
4.3. Signal Processing and Data Analysis in Time and Frequency Domains for Condition 
Monitoring of Cavitation in the Centrifugal Pump 
This study has proposed to use different techniques in order to achieve and analyse different 
form of results, as well as to increase the reliability of detection of cavitation in a centrifugal 
pump. 
4.3.1. Time Domain Analysis  
The correct and useful condition monitoring for any machine as well the detection and 
diagnosis of any faults usually depends on the usage of suitable signal analysis approaches. 
These approaches are always divided into two categories in condition monitoring: The first 
approached is the time domain analysis. It is an important technique to analyse different types 
of signals such as vibration, acoustic and pressure in order to detect and diagnose any problems 
or fault in machines. This technique is used due to its simple and low-cost method of fault 
detection. Generally, the time domain is used to analyse the energy level in the signal and 
therefore, dominated by those components in the signal by using time wave form analysis 
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(TWFA). Conventional statistical parameters such as peak, RMS, peak-to-peak and variance 
features of the signal are used in the time domain offering vital information about the presence 
of any problem in the machine such as faults and cavitation. Commonly, the time domain needs 
relatively inexpensive and unsophisticated tools. The second approached is the frequency 
domain. Varieties of sensors were used which depended on the various parameters and 
frequency ranges of interest [9]. In this experimental study, different techniques are used to 
detect inception and development of cavitation in the centrifugal pump as explained below: 
1-  Detection of Cavitation by using Vibration Analysis Technique   
This first approach is to evaluate the use of vibration signals for monitoring cavitation in a 
pump through the use of accelerometer. The mounted accelerometer in the machine should be 
positioned near or close to the high source of vibration. The background noise may contaminate 
and corrupt the measured signal since cavitation can increase the broadband frequency. In 
addition, the vibration signal can be analysed in time and frequency domains in order to 
establish a relationship between the amplitude of the signal and occurrence of cavitation within 
a pump. Further detailed information regarding this technique will be provided in Chapter six. 
2- Detection of Cavitation by using Acoustic Analysis Technique   
The noise as a result of cavitation, normally called cavitation noise, generates bubbles 
nucleation which randomly collapse. This current study will use acoustic technique under a 
wide range of pump operation conditions in order to find the relationship between the acoustic 
signals to detect cavitation. Also, it provides the analysis of acoustic signals in time domain 
through the use various features in order to predict and diagnose the cavitation under various 
operation conditions. For further analysis, the acoustic signals were converted from time 
domain to frequency domain analysis via of FFT. This technique can be suitable to predict 
cavitation in the pump. In addition, this study concentrates on analysing the acoustic signals in 
the frequency domain based on different range of frequencies. Further detailed information 
regarding acoustic technique will be provided in Chapter seven. 
3- Detection of Cavitation by using Pressure Signal  
For condition monitoring, this study was used different pressure transducers at both the inlet 
and outlet of the pump to measure the pressure signals in order to determine the pump head as 
well as to detect and diagnose the cavitation in the pump through calculation of NPSH. 
Furthermore, the outcomes achieved by such technique are presented for detecting cavitation 
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on the experimental setup of the pump. Furthermore, using pressure signal is valuable for the 
condition monitoring of rotating systems such as different types of pumps.   
4.3.2. Conventional Statistical Measures from the Time Domain Analysis  
The study will use conventional statistical measures to analyse signal that were obtained from 
time domain by using the statistical features below: 
Analysis of Data using the Peak Value of the Signal  
It is an important statistical parameter and is used to calculate the peak value of the signal [9] 
Analysis of Data using Root Mean Square (RMS) Value  
The RMS value of the signal is employed widely in condition monitoring for machines in order 
to indicate the energy level of the signal. Further, this statistical feature is used to evaluate the 
effect of signal fluctuations in any machine and it can be defined by using the equation given 
below [12]:           
                                                 𝑅𝑀𝑆 = √
1
𝑁
∑ 𝑥𝑖2
𝑁
𝑖=1                                                        (4-1) 
Where, 𝑥𝑖 and N are represented the element signal and the total number of elements 
respectively. 
Analysis of Data using the Peak-to-Peak Value of the Signal  
This is an important statistical parameter and represents the distance from the minimum peak 
to maximum peak of the signal.  
Analysis of Data using Variance Value  
The fourth statistical parameter that was used in this study is to measure and analyse signals 
that are obtained from time domain variance value and it can be given as below [12]: 
                                                 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 =
∑(𝑥𝑖−?̅̅?)2
𝑁−1
                                                           (4-2) 
Where, 𝑥𝑖, N, and ?̅? are represented the set of elements, the total of elements, and the mean 
value of elements respectively. 
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4.3.3. Frequency Domain Analysis  
The Fast Fourier transform technique is extensively used to transform the signal from time 
domain into the frequency domain on the assumption that the frequency elements of the signal 
are always directly related to the mechanical condition of the machine components. The Fourier 
transform produces a frequency spectrum, which is the average of the signal over the sampling 
period [9]. The outcome of the Fast Fourier transforms offers the amplitude of the signal with 
frequency. The Fourier transforms and its inverse for continuous signals mathematically can 
be defined as below [12]: 
                                                    dtetXF
tfj



 *2)()( 
                                                   
(4-3) 
And inverse of FFT can be written as: 
                                                  
  deFtX tfj


 *2)()(
                                               
(4-4) 
Where, X(t) and F() are the time and frequency signals, and 1j  
                                                                 = 2f                                                              (4-5) 
Where,  represents angular frequency, and f=1/T, T represents time in second. 
                                                  𝑒𝑗2𝑓𝑡= cos 2ft + sin 2ft                                            (4-5) 
Conventional Statistical Measures from the Frequency Domain Analysis  
For further analysis, this work was used different conventional statistical information to analyse 
signals that were obtained from frequency domain by using below statistical values: 
Analysis of Data using the Mean Value of the Signal  
The mean value of a signal is denoted by the Greek symbol μ, it represents the average value 
and can be calculated by using Eq. (4-7) [130].  
                                                     μ =
1
𝑁
∑ 𝑥𝑖
𝑁−1
𝑖=0                                                         (4-7) 
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Analysis of Data using Root Mean Square (RMS) Value  
The RMS can be calculated from frequency domain (spectrum), representing the value from 
zero to 70.7% of the maximum (peak) amplitude for the spectrum [131]. 
4.4. Calculate Total Head of the Centrifugal Pump 
In this experimental study, the total head of the centrifugal pump can be calculated under 
different operational conditions as following: 
Velocity at the Suction Side of the Pump 
This velocity at the suction side of the pump can be calculated by using below equation: 
                                                            𝑉1 =
4𝑄
𝜋𝑑1
2                                                        (4-8) 
Where, Q, 𝑉1, and 𝑑1are represented the flow rate (l/min), water velocity in suction pipe (m/s), 
and suction pipe diameter (m) respectively.        
Velocity at the Discharge Side of the Pump 
This type of velocity can be calculated using Eq. (4-9): 
                                                             𝑉2 =
4𝑄
𝜋𝑑2
2                                                     (4-9) 
Where, 𝑉2, and 𝑑2 are denoted the water velocity in discharge pipe (m/s) and discharge pipe 
diameter (m).                                                                                                                                       
Friction Head (𝐇𝐟)  
This type of friction head can be calculated using the below equation: 
                                                               𝐻𝑓 = 𝑓 (
𝐿
𝑑
) (
𝑉2
2𝑔
)                                         (4-10) 
Where, f, L, and D are defined the Darcy friction factor, pipe length (m), and pipe diameter 
(m). 
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Static Suction Head (𝐇𝐬) 
This head represents the vertical distance from the centre line of the pump to the free water 
level in the tank. 
Head at the Suction Side 
To calculate the total head at the suction side the following equation can be used: 
                                                       𝐻𝑡𝑖𝑛 = 𝑍1 +
𝑃1
𝜌𝑔
+
𝑉1
2
2𝑔
                                               (4-11) 
Head at the Discharge Side 
The total head at the discharge side can be calculated by Eq. (4-12): 
                                                      𝐻𝑡𝑜𝑢𝑡 = 𝑍2 +
𝑃2
𝜌𝑔
+
𝑉2
2
2𝑔
                                              (4-12) 
Total Head in the Centrifugal Pump 
Total head in the pump can be calculated as follow: 
                                                   𝐻𝑡 = 𝐻𝑡𝑖𝑛 − 𝐻𝑡𝑜𝑢𝑡 − 𝐻𝑓 − 𝐻𝑠                                  (4-13) 
Where, 𝐻𝑡𝑜𝑢𝑡 and 𝐻𝑡𝑖𝑛 are represented the total head at the inlet and outlet of the pump. 
In order to calculate the NPSH in this study the experimental data for Net Positive Suction 
Head required (H-NPSHR) curve of the centrifugal pump that was provided by its manufacturer 
(Pedrollo company pump model F32/200H) and the NPSHA can be calculated under several 
operational conditions as follows: 
                                                  𝑁𝑃𝑆𝐻𝑎 =
𝑃𝑎𝑡𝑚+𝑃𝑠
𝜌𝑔
+ 
𝑉2
2𝑔
−
𝑃𝑣
𝜌𝑔
− 𝐻𝑖                            (4-14) 
4.5. The Uncertainty Analysis Measurement Procedure 
There is no doubt that measurements are quite significant in many applications such as 
communicating technical details, monitoring systems processes and establishing scientific 
facts. Therefore, all industries spend a lot of money in order to obtain and maintain 
measurement from different test equipment. These measurements should be as accurate as 
possible and should be closely analysed during any test measurement procedure. The first stage 
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in analysing the uncertainty measurement in any process is to identify the physical quantity to 
be measured. Such quantity can be directly measured through the use different types of sensors. 
Furthermore, at this step of the analysis measurement, it is significant to describe the 
experimental setup, technical specifications for sensors and any other equipment to be used. 
Moreover, the process of obtaining the measurement from test setup needs to be clearly 
explained; all information can then be utilised in order to identify the processes of the error 
measurement before finally calculating the uncertainty [132]. This study was calculated the 
uncertainty measurement using standard deviation 𝜎𝑥 of the sampled data by using below 
equation. 
                                                        𝜎𝑥 = √∑
(𝑥𝑘−?̅?)2
𝑛
𝑛
𝑘=1                                                 (4-15) 
Where, xk denotes a set of signals, n represents the total number of signals, and x̅ is the mean 
value of signals. 
The uncertainty in the mean value can be calculated by using below equation; 
                                                                𝑆?̅? =
𝜎𝑥
√𝑛
                                                       (4-16) 
Where, σx represents the standard deviation, n denotes the sample size of single. 
Based on the different data that was collected and acquired from different sensors in the 
experimental setup of the centrifugal pump, then using the above equations Eq. (4-15) and (4-
16) it can be calculated the uncertainty value for different sensors as follows: 
Calculate the mean value of the signal: 
                                                         ?̅? =
1
𝑛
∑ 𝑥𝑖𝑛𝑖=1                                                         (4-17) 
?̅? =
1
2880000
∑ 6955202880000𝑖=1   = 0.2415m/s
2 
Calculate the standard deviation of the signal: 
In order to calculate the standard deviation of the signal can be used Eq. (4-15). 
𝜎𝑥 = √∑
(𝑥𝑘−0.2415)2
2880000
2880000
𝑖=1  = 73.8279m/s
2 
 
Calculate the estimated standard uncertainty of the signal used Eq. (4-16). 
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𝑆?̅? =
73.8279 
√2880000
= 0.0435m/s2 
Calculate the mean estimated standard uncertainty used below equation: 
 𝐸𝑢 =  
∑ 𝑆?̅? 
𝑡
𝑡=1
𝑛𝑡
=
0.0435+0.0417+0.0421
3
= 0.0424m/s2 
 
Where, 𝑛𝑡 representsthe number of tests. 
Based on the above procedure, the mean uncertainty values of other sensors can be calculated 
as shown in Table 4-12 which summarises the mean values of uncertainty for different sensors 
that were used in this experimental study. 
Table 4-12 Mean value of the uncertainty calculations for different sensors 
 
 
Vibration  
sensor 
Acoustic  
sensor 
Suction pressure 
transducer 
Discharge pressure 
transducer 
Mean 
uncertainty 
value 
(m/s2) (Pa) (Pa) (Pa) 
0.0424 0.0012 18.80 2.232 
4.6. Pressure Transducer Calibration Procedure 
In order to ensure and increase the confidence in the sensitivity of the pressure transducers used 
in this current experimental setup, they are first calibrated before they can be used in the 
experimental setup. For this purpose, the next section explains this calibration measurement 
procedure for the pressure transducer. Also, the schematic of the pressure transducer calibration 
procedure is shown in Figure 4-19. To carry out the calibration, the following equipment was 
used: 
 Air supply with pressure regulator. 
 Calibration pipe as shown in Figure 4-18 (a). 
  
(a)                                                                         (b) 
Figure 4-18: (a) Calibration pipe, and (b) Clamp to prevent a possible failure in the pipe  
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Figure 4-18 (b) depicts the clamp which was used to prevent a possible failure in the pipe due 
to high level of pressure inside the calibration pipe. 
 Power supply for pressure transducer. 
 Digital multi-meter in order to read the pressure transducer output. 
 
Figure 4-19: Scheme of pressure transducer calibration procedure 
In this study, in order to calibrate the pressure transducer the following steps were carried out:  
 Fill half of the volume of calibration pipes with water. 
 Fix calibration pipes in a vertical position, with the water in the bottom part. 
 Connect an air regulator in the top stud of the calibration pipe.  
 Connect pressure transducer to the bottom studs of the calibration pipe.  
 Connected the pressure transducer wires to the voltage power supply (0 to 32 VDC). 
 Connected the output wires pressure transducer to the digital multi-meter. 
 Set air regulators to 1 bar. 
 Read voltage in the digital multi-meter, this voltage will be the offset for further readings. 
 Set the air regulator to 2, 3, 4, 5, and 6 bar then read voltages.  
 Calculate the corresponding pressure and create the curve data. 
 Repeat the above steps to calibrate another pressure transducer. 
After the calibration measurements and calculation of the voltages and pressures for both 
pressures transducers, the output voltage (V) and the pressure (bar) are plotted in Figure 4-20 
(a) and (b). From these figures, two equations can be found by the regression line as shown in 
figures below, these equations can be used for further analysis in the centrifugal pump to 
calculate pressures at the inlet and outlet of the pump. 
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                                                   Ps = 0.9873V + 0.0220                                              (4-18) 
                                              Pd = 0.9903V + 0.0164                                              (4-19) 
Where, Ps represents pressure at suction line, Pd denotes pressure at discharge line, and V is 
corresponding voltage.  
  
(a)                                                                                     (b) 
Figure 4-20: (a) Calibration results for pressure traducers 5bar, and (b) For pressure traducers 
10bar 
4.7. Water Flow Meter Calibration Procedure 
This section provides details of calibration of water flow meter using the hopper available in 
the University of Huddersfield, Technology Building, Fluids Lab. Such hopper is used for the 
calibration purposes of the water flow meter. Also, the schematic of the water flow meter 
calibration procedure is shown in Figure 4-21. To carry out the calibration, the following 
equipment was used: 
 The setup parts include: 
 Hopper  
 Off the shelf PLC (Programmable logic controller) (DAD141.1) 
 S-shaped Load Cell 
 Knife valve 
 Solenoid valve 
The hopper is the first part of the four running flow loops in the fluid’s lab. It is situated right 
above the main water reservoir/tank. At the bottom of the hopper a pneumatically, as well as 
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electronically, controlled knife valve is connected. This valve is used to fill and drain the 
hopper upon reaching a set point.  
 Measurement  
The hopper is connected to a s-shaped load cell to measure the gross weight of the hopper and 
the collected water. 
 Actuation 
Once the hopper reaches a set point (programmable), the knife valve is actuated electronically. 
The setup required for the actuation involves pressurising the knife valve at about 4 bar, using 
the pressure regulator available in the fluids lab. A solenoid valve is connected to the knife 
valve for electronic triggering. Once the set point is reached and registered by the PLC 
(Programmable logic controller), it will set the output 0 low to control the solenoid valve in 
order to drain the hopper. 
 
1- Water tank                                  8-  Discharge valve 
2- Suction valve                              9- Water flow meter 
3- Suction pressure transducer       10- Load cell 
4- Centrifugal pump                       11- Hopper 
5- Accelerometer sensor                12- Air supply 
6- Microphone sensor                    13- Knife valve 
7- Discharge pressure transducer   14- PC 
Figure 4-21: Scheme of water flow meter calibration procedure 
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 Setup Procedure 
In this study, in order to calibrate the water flow meter, the following steps were used:  
1. Provide 4 bar pressure to the knife valve to close the valve using the pressure regulator as 
shown in Figure 4-22 (a). Make sure the valve is at close position (Normal closed) (NC). 
  
Figure 4-22: (a) Pressure regulator, and (b) Power the PLC unit 
2. Power the PLC unit through the power socket and wait for the PLC display to initialise as 
shown in Figure 4-22 (b). Once the initialisation is completed the static weight of the hopper 
will appear on the display. At this stage, the PLC is ready. 
3. This PLC unit is connected to the university network.  
4. Using the PC available in the fluids lab access the DOP4 software.  
5. Once the software is executed and if the PLC unit is powered ON and connected to the 
network, it should appear in the Selected Devices dialogue box with the correct static IP.  
6. The data transmission from the PLC can be tested by clicking the Start Test Stream button. 
It will provide with a real time weight signal. If a reading is present, as shown below figure 
the unit is connected and ready. 
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(a)                                                                      (b)  
Figure 4-23: (a) Data transmission from the PLC to program, (b) Device selector 
7. After testing the test stream, click on stop test stream button and then click on commands 
view button. 
8. In Commands view mode click on Sequencer. 
  
(a)                                                              (b)   
Figure 4-24: (a) Commands view, and (b) Sequence commands window 
9. In the Sequencer window click on the Load button to load the sequence program file. The 
(Test_Sq1.dsd) file is available on the desktop under (LoadCellSequencer) folder. 
10. After loading the file, the pre-programmed sequence can be seen in the Sequence 
Commands window. To start the sequence, click on Run button and the commands will be 
running in sequence. To edit any command, select the command and press Add/Edit button. 
11. Once the sequence is started a Runtime Log can be seen in the window below, Runtime 
Sequence Log. This log is used to create (a .csv) file using the Export button. 
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a. N.B. The measuring time interval for each sample can be set by editing the time command. 
This is the time PLC takes between measuring each reading from the Load Cell; currently 
set at 200ms. 
  
(a)                                                                                  (b)  
Figure 4-25: (a) Runtime Sequence Log, and (b) Save data 
12. After pressing the Export button, the following window will appear as shown in Figure         
4-25. Choose the Save as type to be (.csv) and save your data in the appropriate drive or 
network location for post-analysis. Furthermore, Once the file was saved Clear button can 
be pressed to re-do the test. 
 
 Post Processing of the Collected Data 
1. Open the appropriate (.csv) file and the following columns should appear in the spread 
sheet. 
  
Figure 4-26: (a) Data in excel sheet, (b) Data in excel sheet 
2. Create a timing column for time intervals. 
a. Each command interval is of 100ms i.e. 0.1sec.  
b. Start the time from 0.1+previous row and populate the time column.  
3. Filter out all the command rows as follows: 
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a. Select the Label column. 
b. Click the Sort & Filter button from the home tab and click Filter. 
c. The Label column should now have a drop down arrow. 
d. Click on the drop down menu to deselect the time row. 
4. After deselecting the time row the new timing interval will be of 200ms i.e. 0.2sec as set in 
the sequencer program earlier. The Resp. Value column will indicate the rise in weight over 
time for the hopper. 
5. Further columns needed for flow calculations for various flow rates are as follows: 
 
a. Absolute time and weight can be calculated by summing the rise time and weight from the 
point when the valve was closed (Close Valve) till the valve was next opened (Open Valve).  
b. To calculate absolute time 5.1 − 0.3 = 4.8 sec. 
c. To calculate absolute weight 60 − 46.8 = 13.2Kg. 
d. From these two calculations mass flow (Kg/s)      
13.2Kg
4.8sec
= 2.75Kg/sec  
e. To calculate mass flow (l/min) 2.75 ∗ 60 = 165 (l/min). 
f. To calculate the difference between the calculation and reading from flow meter. 
(
172−165
172
) ∗ 100% = 4.2%  
 
Figure 4-27: Final data (time and weight) in excel sheet 
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After the calibration measurements were carried out and calculation of the time and water 
weight for the water flow meter obtained, the output reading of the water flow meter (l/min) 
and the calculated water flow rate (l/min) are plotted in Figure 4-28. From this figure, it can be 
found that the calculation flow rate value using the above process is close to the water flow 
meter reading (both results having a close match) and this agreement signifies that the 
calibration results are reasonable. Furthermore, the result analysis also displayed that the 
average deviation of the calculated results for calibration compared to that of the flow meter 
reading results is approximately around 4%.  
 
Figure 4-28: Calibration water flow meter results 
After explaining the numerical simulation of the flow inside the centrifugal pump in Chapter 
three, different outcomes were gathered from CFD in the next chapter. Detailed investigations 
of these outcomes are provided in Chapter 5. The next chapter presents the analysis and 
discusses the flow field behaviour within the centrifugal pump based on single-phase and 
cavitating model under different operating conditions and various impeller geometrical 
parameters using the CFD code. 
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CHAPTER 5 
5 PREDICTION OF PERFORMANCE AND DETECTION OF 
CAVITATION WITHIN A CENTRIFUGAL PUMP USING CFD 
TECHNIQUE  
 
 
All the results obtained by numerical simulations that carried out via CFD code regarding to 
the prediction of the pump performance and detection of cavitation within the centrifugal pump 
are presented in this chapter. Both qualitative and quantitative analyses were conducted on all 
of these results to better understand the flow structure within a centrifugal pump, under both 
single-phase and cavitation conditions. Also, the investigation using different geometrical 
parameters of the pump in both time and frequency domains are analysed. Moreover, semi-
empirical correlations for head and power coefficients of the pump based on single-phase and 
cavitation were developed. 
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5.1. Introduction 
The usage of CFD plays a significant role in fluid mechanics. Improvements that were made 
on the capabilities of the computer over the years have allowed for numerical approaches 
through the CFD to be used to improve in predicting the performance of centrifugal pumps. In 
this current chapter, the transient numerical calculations using CFD code are carried out under 
different operating conditions and for various geometrical parameters for the flow field within 
a pump under single-phase and cavitation conditions. This chapter is divided into four sections. 
The first section includes the mesh independence, time independence and y+ sensitivity 
analyses. Also, this section comprises of the validation of the obtained results from the CFD 
with experimental results. The second section in this chapter corresponds to the unsteady 
investigation of the pump. For this aim, the pump was run at different flow rates under single-
phase and cavitation conditions for five revolutions. Also, in the same second section, the pump 
head at last revolution was analysed based on single-phase and cavitation phase under various 
operation conditions using transient simulation approach. The third section, analyses the 
unsteady behaviour of the pump with different impeller geometrical parameters such as a 
number of blades, the inlet and outlet impeller diameters. Detailed qualitative and quantitative 
analyses was performed on local flow parameters (e.g. static pressure, flow velocity, vapour 
volume fraction, pump head and pressure fluctuations in both time and frequency domains). 
Quantitative and qualitative analyses were also conducted in the prediction of cavitation in the 
centrifugal pump. Finally, based on the extensive numerical investigations of these parameters 
various semi-empirical correlations at different impeller geometrical parameters under single-
phase and cavitation conditions for the pump head and power coefficients were developed 
using multiple regression analysis technique. 
5.2. Analysis of the Flow Field and Performance of the Centrifugal Pump using 
Transient Numerical Approach 
In order to investigate the flow field within a centrifugal pump through the use of numerical 
simulation for predicting the performance of pump and detecting cavitation under different 
operation conditions were carried out. To analyse the effect of interaction between impeller 
and volute, numerical simulations were conducted that take into account various locations of 
the impeller blades relative to the volute tongue region using sliding mesh technique. Details 
regarding to all numerical results for the centrifugal pump, model reliability including mesh 
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independence test, time independence test, y+ sensitivity test and validation will be represented 
in the next sub sections.  
5.2.1. Mesh Independence Test 
Testing the mesh independence is important because meshing can lead to less or more accurate 
outcomes. Despite to the proposed number of mesh elements whether is high or low mesh 
independent test is basically aiming to grantee the stability of results when the number of 
elements is changed. In this study three meshes consisting of 1.25 million, 2.5 million, and 5 
million mesh elements were selected, as displayed in Table 5-1. The outcomes of these three 
cases showed that the changes in the heads predicted within the centrifugal pump are less than 
0.2% amongst the three meshes under consideration. Thus, from the table below, it can be 
concluded that the mesh with 2.5 million elements is capable of accurately predicting the flow 
features and therefore it was selected for further analysis of the centrifugal pump. According 
to the differences in head, it can be seen that the change in the percentage is low.    
Table 5-1 Results of mesh independence of the centrifugal pump 
                       
No. 
No. of  
elements 
Head  Difference in 
head  
  (m) (%) 
1 1.25 million 38.83   
2 2.5 million 38.75  0.211  
3 5 million 38.84  0.231  
5.2.2. Time Steps Independence Test 
Time step independence can lead to less or more accurate outcomes of the Computational Fluid 
Dynamics. This study includes the usage of three different time steps. The outcomes of time 
steps are summarised in the Table 5-2 shows that the variance in the head within the centrifugal 
pump is less than 1.11% between the three-time steps under consideration. Therefore, the time 
step with 3.0248*10-4sec was selected for further analysis.  
Table 5-2 Results of time steps independence of the centrifugal pump 
                                .                                                                                          
 
No. Time step  
 
Head  Difference in head 
 (s) (m) (%) 
1 6.04960*10-5 38.01  
2 1.81488*10-4 38.44 1.11  
3 3.02480*10-4 38.75 0.79  
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5.2.3. y+Sensitivity Test 
To obtain more accurate results from the numerical simulation using CFD code, it is important 
to calculate the y+ sensitivity of the all centrifugal pump parts in the computation domain. For 
this reason also, this study compared three different y+ values at the same design flow rate for 
the pump in order to study the effect of y+ value on the head of the pump. Table 5-3 summarises 
the pump head under the different y+ values. It can be clearly seen that the head difference for 
all cases under investigation was less than 1.8% or less. This confirms that for numerical 
simulations, the influence of the y+ value has little impact on the results.  
Table 5-3 Calculation y+ sensitivity test 
No. y+ Head Difference in head 
  (m) (%) 
1 20 39.48  
2 30 38.75 1.8 
3 40 38.28  1.2 
5.2.4. Validation  
The validation of the outcomes is considered as one of the most significant steps when 
conducting numerical studies. In other words, it means that the results gained from the 
numerical simulations are compared with experimental findings to verify accurately that the 
numerical model symbolises the physical model of the actual system. Thus, the entire 
geometric, flow and solver-related parameters and variables become vital in validation studies. 
In the present study, the experimental data for the centrifugal pump was provided by 
experimental investigations to validate the model used in the CFD. The head at both the suction 
and discharge sides of the pump was calculated using both Eqs. (4-11) and (4-12). Also, the 
total head across a pump was calculated using Eq. (4-13). Figure 5-1 depicts the variation in 
the head for both numerical and experimental results. It can be seen that there is a good 
agreement between CFD and the experimental results. The analysis of the above figure showed 
that the average deviation between the CFD results when compared with experimental results 
for the head is about 6%. From previous analysis it can be seen that both results match closely 
with each other and this agreement confirms that the CFD results are reasonable. It can be 
concluded from the above findings that the numerical analysis is reasonably well validated. 
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Figure 5-1: Validation of the numerical and experimental results  
5.2.5. Computational Results Based on Transient Analysis Approach  
In this study, two types of numerical simulation were carried out to investigate the pump 
performance and visualise the flow field within a centrifugal pump. The first was a numerical 
simulation under single-phase operating conditions [58]. The second was simulation under 
cavitation operating conditions. The complex internal flow field within the pump in transient 
conditions was investigated under different operating conditions. In order to capture unsteady 
flow interaction between the rotor-stator interface, the relative position of the impeller blades 
needs to be changed for every time step [133]. For the simulation of the transient situation, the 
time step is selected as 3.0248*10-4sec corresponding to pump rotational speed of 2755rpm as 
mentioned in section 5.2.2., the residual is set at 10-6 [134].               
5.2.6. Flow Field Analysis at Design Flow Rate 
Before analysing the influence of the impeller geometrical parameters on the performance 
output of the centrifugal pump under single-phase and cavitation conditions. It is essential first 
to investigate and analyse the structure of the flow field in the pump so that related to local and 
global flow. In the next section, the pressure and velocity distributions within a centrifugal 
pump were investigated. 
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5.2.7. Static Pressure and Velocity Magnitude Distributions under Design Flow Rate 
The flow within a centrifugal pump is highly affected by the shape of the impeller and volute 
[23]. In order to predict the performance of the pump, it is vital to be aware as to how 
transformation of energy takes places in various parts of the pump. Such phenomenon can be 
comprehended by studying the behaviour of the flow field within the pump [44].  
Figure 5-2 (a) depicts the variations of static pressure in the centrifugal pump having five 
impeller blades. The inlet and outlet impeller diameters used are 30mm and 215mm, and pump 
rotational speed chosen is 2755rpm under design flow rate of 300(l/min). When the water flows 
into the pump through the inlet of an impeller, the fluid starts to rotate with the impeller blades. 
Also, the pressure and velocity begin to change. Additionally, it is observed from the case under 
investigation, that the static pressure distributions are similar for all impeller passages. The 
pressure field in the pump shows that the pressure on impeller blades increases from inlet at 
the leading impeller edges to trailing edges along the radial direction within the impeller blade-
to-blade passages. Maximum pressure was noticed at the outlet of the volute. Furthermore, it 
is notable that the pressure near the suction side of blades at the inlet eye of impeller near or 
close to the leading edge is particularly low. It can be observed that this particular area in the 
impeller has lower pressure value as compared to another area in the pump. 
Furthermore, Figure 5-2 (b) depicts velocity variations for further investigation of the flow 
structure in the pump. Study of the velocity magnitude contour in the centrifugal pump provides 
good information about velocity change in the pump. The variation of velocity magnitude in 
the central plane of the pump under design flow rate is depicted in this figure. It can be seen 
that the velocity within a pump increases from the inlet to outlet. Also, high velocity occurs at 
the pressure side of the impeller blades as shown in this figure. It can be observed that the flow 
velocities at the suction side of blades are quite low with the minimum value reaching 0.27m/s 
during the rotation of the impeller. In addition, the flow velocities near the pressure side of 
blades are higher than suction sides of blades and maximum velocity is 24.34m/s. In addition, 
when the kinetic energy within a pump is converted into pressure energy in the volute, the 
velocity is always reduced. The reason behind this is due to the design of the volute, which has 
significantly different cross-section areas, and these cross-sectional area are continuously 
increasing to reach the higher cross-section area at the outlet volute region. 
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.   
       (a)                                               (b) 
Figure 5-2: Variations in (a) Static pressure and (b) Velocity magnitude of the pump having 
Q=300(l/min), Z=5, do=215mm, di=30mm, and N=2755rpm 
5.2.8. Performance of the Centrifugal Pump under Transient Conditions 
For this present study, in order to investigate the turbulent flow within the pump under single 
phase, 3-D unsteady Reynolds-Averaged Navier–Stokes (RANS) equations were solved using 
CFD code. For transient simulation, the rotor–stator method interfaces were used. Because of 
the transient technique the rotor (impeller) – stator (volute) was changed dependent on the 
change in the angular position of the impeller.    
5.2.9. Instantaneous Pump Head under Design Flow Rate 
In the transient investigation, the centrifugal pump was run at 2755rpm for five revolutions at 
the design flow rate of 300(l/min). To quantify the performance of the pump considered here, 
the instantaneous head for one revolution of the pump was depicted in Figure 5-3. It can be 
seen that the instantaneous head’s waveform is almost uniform at a particular rotational speed 
and the peak-to-peak head remains nearly constant at an appropriate pump speed. It is obvious 
that the variation in the head of the centrifugal pump is cyclic with the number of peaks and 
valleys are equal to the same number of impeller blades. Also, the inner flow within the pump 
is very complex. The maximum peak head value is around 40.28m while the minimum valley 
value is around 36.47m. 
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Figure 5-3: Instantaneous head variations of the pump having Q=300(l/min), Z=5, 
do=215mm, di=30mm, and N=2755rpm 
5.2.10. Pressure and Velocity Variations at Peak and Valley Instantaneous Head of the 
Centrifugal Pump  
Generally, the centrifugal pump is a mechanical device that utilises a rotating impeller to 
transfer electrical energy into hydraulic energy. Water enters through the inlet pipe and moves 
towards the impeller eye. The rotation of the impeller pushes the water between impeller blades 
outwards into the volute. This phenomenon creates a vacuum at the eye of the impeller and it 
generates a low-pressure region at this area. When the volute cross-section area increases, this 
leads to velocity of the water in the volute to decrease and hence the water pressure increases. 
To comprehend the dynamics of flow within a pump and the trend of the instantaneous head, 
it is important to analyse the flow structures that correspond to the peaks and valleys as viewed 
in Figure 5-4. Therefore, Figure 5-5 display the pressure and velocity variations in the 
centrifugal pump at such angular locations that corresponds to the peak and valley in the 
instantaneous head of the centrifugal pump. 
It can be observed that the pressure between blades also increases and this increase starts from 
the leading edge of the impeller blade to the trailing edge. The pressure at the suction side of 
impeller blades was lower than at the pressure side of impeller blades. In one revolution, the 
numbers of peaks are equal to five, simultaneously the numbers of valleys are equal to 5. Thus, 
this form of wave is created through the transient motion of the impeller blades. To investigate 
this particular phenomenon, the highest peak and valley points were selected. The highest peak 
happened at 65ᴼ angular position of the impeller while the minimum valley happened at 310ᴼ 
angular orientation of the impeller. 
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       (a)                                               (b) 
Figure 5-4: Variations in (a) Static pressure and (b) Velocity magnitude at peak fluctuation 
pressure of the pump having Q=300(l/min), Z=5, do=215mm, di=30mm, and N=2755rpm 
It can be noticed that in Figure 5-3, the peaks and valleys in pump instantaneous head occur 
due to two important reasons. Firstly, when the tongue area is in between two impeller blades. 
The second reason is when one of the impeller blades has passed the tongue region and the 
other blade is approaching it. Based on the above results, it can be concluded that the analysis 
of transient numerical simulation results can provide useful information regarding flow fields 
within a centrifugal pump such as velocity and pressure distributions. The relative position of 
the rotor part (impeller) and stationary part (volute) cause unstable flow and generate more 
pressure fluctuations. Hence, increase the level of vibration and noise in the pump especially 
at the volute tongue region. This particular region causes more energy losses due to the high 
interaction between the impeller and volute. 
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       (a)                                               (b) 
Figure 5-5: Variations in (a) Static pressure and (b) Velocity magnitude at lowest fluctuation 
pressure of the pump having Q=300(l/min), Z=5, do=215mm, di=30mm, and N=2755rpm 
5.2.11. Analysis the Effect of Volute Tongue Region on Variations of Static Pressure  
In order to better comprehend the internal flow field during transient conditions within a pump, 
the variation of static pressure for the impeller and volute was analysed under different impeller 
positions. As discussed above, the variations of static pressure close to the volute tongue region 
were higher than other regions in the pump. Figure 5-6 depicts the rotation of the impeller and 
variations in the static pressure around the volute tongue region at different blade angular 
positions in respect to the volute tongue region. The angular position (θ) was changed from 0° 
to 6°. The centrifugal pump has a design flow rate of 300(l/min), Z=5, do=215mm, di=30mm, 
N=2755rpm. In this figure, the five blades were displayed in the impeller flow channels. Two 
blades are named blade 1 and blade 2 as highlighted. It can be observed in this figure that the 
highest static pressure happens especially close the tongue area inside the pump and the 
pressure is increased from near the volute tongue to the outlet region of volute along the 
direction of flow. However, the pressure close to the tongue region was higher than those other 
regions within the pump. This is mostly due to the high interactions between the impeller and 
volute, particularly near or close to the volute tongue region. From the above investigation of 
the dynamic interaction between the volute tongue region and impeller. It can be concluded 
that the interaction between impeller and volute tongue region is due to the relative position of 
the impeller blades with respect to tongue region. Furthermore, based on the above findings 
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regarding the variations of pressure in the pump, the results showed that there are high 
interactions between the impeller and volute close to the volute tongue region and this 
particular area of the volute has a high impact on the pressure variations. 
  
                         Impeller rotating direction                                (a) θ =0o 
   
           (b) θ =3o                                                   (c) θ =6o 
Figure 5-6: Direction of the impeller and variations of static pressure close to the volute 
tongue region at various angular positions  
5.3. Effect of Different Flow Rates in the Centrifugal Pump       
For further analysis, this section includes studying the effect of different flow rates on the static 
pressure variations, velocity magnitude variations within a centrifugal pump and the 
performance of the pump.                                                                                                            
5.3.1. Pressure Variations in the Centrifugal Pump under Various Flow Rates 
Further investigations regarding flow field within a pump the numerical simulations using CFD 
were carried out under different flow rates in order to investigate the velocity and pressure 
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variations inside the pump. Figure 5-7 depicts the static pressure variation under various flow 
rates namely 100, 150, 200, 250, 300, and 320(l/min) respectively. The corresponding 
operating conditions can be designated as condition A (number of impeller blades is five, inlet 
and outlet impeller diameters are di=30mm, do=215mm, and N=2755rpm). For accurate 
comparison purposes, all the static pressure contours under various flow rates displayed in this 
figure were drawn on a similar scale. From these figures, it can be seen that the changes of the 
flow structure in the pump takes place as flow rate increases from lower to a higher value. It is 
interesting to note the change of pressure variations in the impeller and volute at inlet and outlet 
of the pump. It is obvious that the distributions of static pressure under different flow rates have 
the same trend for all cases under investigation. The pressure gradually increases from the inlet 
area of the impeller to the outlet area along the radial direction of the impeller. The maximum 
pressure was found to occur at the outlet of the volute and close to the tongue region. It can 
also be seen that the pressure on the suction surface of blades of the impeller, especially at the 
eye of impeller, is smaller than that on the pressure surface. Also, the result showed that when 
the pump operates at higher flow rate, the low pressure area at the inlet of the impeller 
increases, causing cavitation to occur and then develops further as the flow rate keeps 
increasing. The reason behind the occurrence of cavitation is due to the decrease in pressure in 
this region which goes lower than the water vapour pressure. From this figure, it can be seen 
that with increase in flow rate, the static pressure at the pump decreases particularly at high 
flow rate. Furthermore, based on the above analysis, it can be concluded that the static pressure 
in the impeller, and volute were highly affect under the different flow rates. 
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Q=100(l/min)                         Q=150(l/min)                       Q=200(l/min) 
   
Q=250(l/min)                         Q=300(l/min)                       Q=320(l/min) 
Figure 5-7: Static pressure variations in the centrifugal pump under various flow rates at 
2755rpm 
5.3.2. Velocity Variations in the Centrifugal Pump under Various Flow Rates 
Figure 5-8 depicts the velocity magnitude variations of the pump under various flow rates 
which were 100, 150, 200, 250, 300, and 320(l/min) respectively. The simulation corresponds 
to condition A. For accurate comparison purposes, all the velocity magnitude contours at 
various flow rates displayed in this figure were drawn on the similar scale. It can be seen that 
the velocity within a pump is gradually increased from the inlet of the impeller to outlet for all 
of the cases under investigation. The higher velocity occurs near the volute tongue region, an 
interesting point to note is that there are different flow velocities across the impeller blades, at 
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the suction and pressure sides, as shown that in Figure 5-8. Furthermore, it can be observed 
that the regions of low velocity for the suction sides of blades are moving along the blades 
starting from the leading edge to trailing edge of blades. Also, it can be clearly observed that 
the magnitude of velocity in the impeller is higher than in the volute. This is because the volute 
has an asymmetrical cross section area and this cross section is increased up to the volute outlet. 
This means that when the cross section area is increased, the velocity of water within the volute 
is decreased. This then leads to the velocity of water being decreased and the pressure of water 
being increased. 
    
      Q=100(l/min)                      Q=150(l/min)                  Q=200(l/min) 
   
                            Q=250(l/min)                   Q=300(l/min)               Q=320(l/min) 
Figure 5-8: Velocity variations in the centrifugal pump under various flow rates at 2755rpm 
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To analyse the influences of different operational conditions on the instantaneous head of the 
pump, six flow rates namely100, 150, 200, 250, 300, and 320(l/min) were selected and 
compared. Figure 5-9 (a) depicts the instantaneous head and (b) average head of the centrifugal 
pump at various flow rates. It is worth observing that the instantaneous head decreases when 
the flow rate is increased, supported by the fact that there are five peaks and valleys depending 
on the number of blades and the results revealed that the higher value of the instantaneous head 
was at flow rate of 100(l/min). The average head at different flow rates are 50.25, 48.87, 46.89, 
43.60, 38.75, and 37.65m respectively, as shown in Figure 5-9 (b). Based on above analysis, it 
can be concluded that the flow rate has an important influence on the head of the pump. 
  
       (a)                                                                                                 (b) 
Figure 5-9: Variations in (a) Instantaneous head and (b) Average head of the pump under 
various flow rates at N=2755rpm 
5.3.3. Comparison between Numerical and Experimental Head Fluctuations 
To obtain more information regarding the head fluctuations within a pump, the numerical 
calculation of the head was compared with experimental results under various flow rates. 
Figure 5-10 depicts head variations under numerical and experimental results at N= 2755rpm. 
It is observed that the numerical simulation results showed similar patterns as compared to the 
experimental results. Also, the results show that the amplitudes of peak-to-peak head for the 
numerical calculations are smaller than the experimental results. Furthermore, the changes in 
trend of the head fluctuations in a pump can be analysed using statistical results such as 
average, minimum, maximum, and RMS features. Table 5-4 provides the comparison between 
numerical and experimental results under different flow rates. It can be observed that the values 
of these features are decreased as the flow rate of the pump is increased. 
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Figure 5-10: Comparison of the head fluctuations from the experimental and numerical results  
Numerical results are in agreement with experimental results and maximum differences 
between them are approximately around 3% for the average value, 9% for the minimum value, 
8% for the maximum value and 2% for RMS value respectively, as listed in this table. The 
difference between numerical and experimental results can be due to several reasons. Firstly, 
the mechanical losses occurring in the pump which is caused by the contact between the shaft 
and bearings and between the shaft and seal. The second reason is due to the gap between the 
volute and impeller. Thirdly, due to hydraulic losses caused by friction losses, vortexes, and 
separation due to change in flow direction that happens at the passages of the impeller. In 
addition, the geometry and flow field within the pump are very complex and fully turbulent, 
with complex impeller blade curvature, which has considerable effect on the flow field 
developed either within the blade passages or inside the volute.  
Table 5-4 Comparison between experimental and numerical results for head fluctuations 
No. Flow rate Head EXP.  
Head 
CFD  
Head 
Difference in 
head 
(-) (l/min) (m) (m) (m) (%) 
1 100 Avg. 49.24  50.27  2.04  
Min. 45.89  48.15  4.69  
Max. 53.01 53.33  0.60  
RMS 7.017  7.114  1.36  
2 150 Avg. 47.41  48.79  2.82  
Min. 43.28  46.98  7.87  
Max. 52.79  50.81  -3.89  
RMS 6.886  7.004  1.68  
3 200 Avg. 45.46  46.88  3.02  
Min. 40.89  44.98  9.09  
Max. 50.37  48.28  -4.32  
RMS 6.743  6.846  1.50  
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4 250 Avg. 42.22  43.45  2.83  
Min. 37.73  41.50  9.08  
Max. 47.32  44.87  -5.46  
RMS 6.498  6.592  1.43  
5 300 Avg. 38.27  38.78  1.31  
Min. 32.93  36.22  9.08  
Max. 43.30  40.48  -6.96  
RMS 6.186  6.207  0.32  
6 320 Avg. 37.06  36.75  -0.84  
Min. 32.76  34.09  3.90  
Max. 41.73  38.61  -8.08  
RMS 6.088  6.033  -0.91   
To further understand the head fluctuations was investigated through the use of different 
statistical features such as average, minimum, maximum, RMS features of head fluctuations. 
Figure 5-11 depicts the comparison between the trends of the numerical and experimental 
results using the above mentioned features under various flow rates and at N=2755rpm. It is 
obvious that the above features have the same trends and gradually decrease when the flow rate 
is increased. Also, the results found that small difference between the numerical and the 
experimental average head. However, it can be further observed that the maximum numerical 
head results are lower than experimental head results and the reason behind that is due to the 
unstable flow in a pump can cause more mechanical and hydraulic losses which will cause 
more pressure fluctuations. Also, the flow field within a pump is known to be very complex, 
fully turbulent, and unsteady and the rotating impeller with highly complex blade curvature has 
a considerable effect on the complex flow field developed either within blade passage or inside 
the volute. Additionally, the numerical and experimental results for above mentioned features 
showed a similar trend.  
Based on the above analysis, it can be seen that the general behaviour trend of the average head 
pump numerically and experimentally was in agreement with the one shown in previous studies 
for various types of pumps [135-138]. However, comparative investigations between numerical 
results under transient flow conditions and experimental results using different features such 
as minimum, maximum and RMS of the head were not commonly carried out in most of these 
studies. 
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(a)                                                                               (b) 
 
(c)                                                                           (d) 
 Figure 5-11: Trends of the numerical and experimental results using different statistical 
features of head fluctuations 
5.4. Effect of Pump Rotational Speed on the Performance of the Centrifugal Pump  
As mentioned and clearly observed in the previous sections, the flow field behaviour and pump 
performance directly change depending on the different operating conditions. Therefore, the 
flow pattern behaviour such as pressure and velocity fields, as well as the flow field instabilities 
within a pump, depends on various operational conditions. Hence, all of these parameters can 
affect the flow field and performance of the pump under various pump rotational speeds. 
Further investigation was carried out in this section, including studying the effect of pump 
rotational speed on the pressure variations, velocity variations within a pump and performance 
of the pump. 
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5.4.1. Effect of the Pump Rotational Speed on the Pressure Variations  
The effects of rotational impeller speeds of the pump were investigated under transient 
approach. The flow field analyses of the static pressure and velocity variations in the pump 
were presented in this section.  
Figure 5-12 depict the static pressure variations corresponding to operating conditions B 
(number of impeller blades is five, inlet and outlet impeller diameters are di=30mm, 
do=215mm, and under various rotational speeds of 2320, 2610, and 2755rpm) and at three 
angular positions 0°, 30° and 60°. For precise comparison, the pressure variation contours 
under the different pump rotational speeds depicted in Figure 5-12 were presented on a similar 
scale. It can be seen that from this figure that the pressure is gradually increased from inlet of 
impeller to outlet and reaches the maximum value at the outlet of impeller blades with lower 
pressure region being at the eye of the impeller. This flow behaviour within a pump was noticed 
for all analysed relative impeller positions and for all above cases under investigation. In 
addition, it is obvious that the pressure values are increased as rotational impeller speed is 
increased and the higher pressure was obtained at N=2755rpm. Moreover, the result showed 
that the pressure increases close to the tongue region, this occurs due to the high interaction 
between impeller and volute in this particular region. The flow field analysis in the impeller 
shows that there are different pressures on both sides of the impeller blades. In addition, it is 
observing that from this figure there is a considerable influence on the flow field in the volute 
zone of the pump when the pump operates at different rotational speeds. Furthermore, based 
on the above results, it can be seen that the pump rotational speed has a high effect on the 
pressure variations 
   
(a) θ =0o                                                            (b) θ =30o                                              (c) θ =60o 
      N=2320rpm 
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(a) θ =0o                                                            (b) θ =30o                                              (c) θ =60o 
     N=2610rpm 
   
(a) θ =0o                                                            (b) θ =30o                                              (c) θ =60o 
      N=2755rpm 
Figure 5-12: Effect of various rotational speeds on the static pressure variations in the pump 
at Q=300(l/min) under different angular positions 
5.4.2. Effect of Pump Rotational Speed on the Velocity Variations  
Figure 5-13 depicts the velocity magnitude distribution under different pump rotational speeds 
of 2320, 2610, and N=2755rpm respectively, and at three angular positions 0°, 30° and 60°. 
The flow rate considered is design flow rate 300(l/min) with the number of blades similar to 
the earlier investigation being five. Also, do=215mm and, di=30mm, with results reported at 
the middle section of the centrifugal pump under transient conditions. It can be observed that 
for different pump rotational speeds the velocity magnitude inside a pump is gradually 
increased from the inlet of the impeller to outlet. The velocity at the blades pressure side is 
higher than the blades suction side for all cases under investigations and it increases as pump 
rotational speed increases. In addition, the velocity becomes lower when the water goes into 
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the volute, In addition, the velocity magnitude in the impeller was higher than in the volute. 
Due to the volute having an asymmetrical cross section area. This means that when the cross 
section area increases, the velocity of water within the volute decreases leading to an increase 
in the water pressure as the velocity of water decreases. Furthermore, it is obvious that the 
velocity magnitude is increased when pump rotational speed is increased and higher velocity 
was observed at N=2755rpm. The information presented in this figure, regarding the velocity, 
can be seen to show that the pump rotational speed has a high effect on the velocity in the 
centrifugal pump. 
   
(a) θ =0o                                                            (b) θ =30o                                              (c) θ =60o 
      N=2320rpm 
   
(a) θ =0o                                                            (b) θ =30o                                              (c) θ =60o 
      N=2610rpm 
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(a) θ =0o                                                            (b) θ =30o                                              (c) θ =60o 
       N=2755rpm 
Figure 5-13: Effect of various rotational speeds on the velocity magnitude variations in the 
pump at Q=300(l/min) under different angular positions  
5.4.3. Effect of change in Rotational Speed on the Instantaneous Head  
For further investigation based on transient conditions, the centrifugal pump performance is 
simulated to correspond with condition B. Figure 5-14 depicts the relationship between 
instantaneous head and various rotational speeds for the one revolution. It can be clearly 
observed that the instantaneous head of the pump is smaller for N=2320rpm then increases 
when the impeller rotational speed is increased and higher value of instantaneous head obtained 
was for N=2755rpm. Also, the waveform trend of instantaneous head at different speeds 
remains approximately constant. It can be seen that there are the same number of peaks and 
valleys in one revolution, which are equal to the same number of blades of the impeller, namely 
five, for all cases under investigation. The unsteady motion of the impeller blades causes these 
peaks and valleys across the volute tongue region. For further details Table 5-5 provides 
statistical analysis results such as average, minimum, maximum and (max.-min.) values of the 
instantaneous head under various pump rotational speeds. By studying this table, it is obvious 
that all of the above statistical features for the instantaneous head have the same trends; they 
increase as pump rotational speed increases. Based on the results above, it can be concluded 
that the pump rotational speed has an important effect on the head of the pump, and that the 
pump head increases as rotational speed increases. 
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Figure 5-14: Instantaneous head variations of the pump under various rotational speeds 
Table 5-5: Statistical analysis results of the instantaneous head for pump under different 
rotational speed 
Pump rotational speed Head 
(m) 
(rpm) Average Minimum Maximum Max - Min 
2320 22.90  20.95  24.24  3.28  
2610 33.19  30.86  34.66  3.80  
2755 38.75  36.47  40.28  3.81  
Based on the above understandings, the prediction of the pump head was carried out using CFD 
under different pump rotational speeds, shows a good agreement with experimental results as 
shown in Figure 5-15.  
 
Figure 5-15: Comparison between numerical and experimental average head of the pump 
under various rotational speeds at Q=300(l/min) 
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5.5. Analysis of the Pressure Fluctuations in the Centrifugal Pump 
The internal flow field in pumps are complex and there are several reasons behind their 
complexity. Firstly, it is due to the high interaction between fluid and impeller blades as well 
as the interaction between the rotor part (impeller) and stationary part (volute) especially at 
volute tongue region as analysed and discussed in the previous sections. Secondly, it is due to 
the effect of turbulence and the complex unsteady effects within the pump. Thirdly, the most 
important reason is the occurrence of cavitation. For Further investigations for pressure 
fluctuations analyses in the impeller and volute at different monitoring points will be discussed 
in the next section. 
5.5.1. Monitoring Points on the Impeller and Volute for the Centrifugal Pump 
Many monitoring points are set in the impeller and volute of the pump to investigate and 
develop comprehensive understanding of the pressure fluctuations within the centrifugal pump 
under various geometrical parameters and different operational conditions of the pump. For 
this purpose, there are 15 points that were marked in the volute, including 6 points inside the 
volute which are set at every 60o, 3 points are set close to the tongue region and in addition 6 
points are set at the outlet of the volute, a further 8 points are set in the impeller. The monitoring 
points for volute are referred to as VP1 to VP15 and for impeller are called IP1 to IP8. Figure 
5-16 depicts the distribution of the monitoring points within a centrifugal pump. 
 
Figure 5-16: Distribution of monitoring point’s positions in the centrifugal pump 
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5.5.2. Analysis of the Pressure Fluctuations of the Pump in Time Domain  
Based on the above findings from the previous sections, it can be seen that the numerical 
calculations using CFD code were reasonable. Therefore, this numerical technique is used to 
analyse the characteristics of pressure fluctuations in both time and frequency domains 
analyses within a centrifugal pump, with various operation conditions as illustrated in the next 
sections. Pressure fluctuations within a pump are unavoidable; hence, they have a high effect 
on the characteristic for the transient flow field analysis inside the pump. Therefore, studying 
pressure fluctuation characteristics provides reliable information regarding the pump. Such 
detail includes the effect of the interaction between the impeller and volute when the pump 
operates under different operation conditions and various geometrical parameters. 
 Pressure Fluctuations at the Angular Position around the Volute under Design 
Flow Rate  
Figure 5-17 depicts the pressure fluctuations for the volute at 12 monitoring points of the pump 
the corresponding operating conditions can be designated as condition A ( five impeller blades, 
inlet and outlet impeller diameters of 30mm and 215mm respectively, under design flow rate 
of 300(l/min) and N= 2755rpm). It can be seen that all the curves for the different monitoring 
points have five peaks and five valleys with the same number of impeller blades. Table 5-6 
provides further quantitatively results of pressure fluctuations on 12 monitoring points at the 
volute using different statistical features such as average, minimum, maximum and the 
difference between minimum and maximum. The results found that pressure fluctuations in the 
volute are increased or decreased for all monitoring points dependent on locations of these 
points, with respect to volute tongue and outlet volute regions. Furthermore, the maximum 
pressure values are at points VP6, and VP8 (391.66kPa, 386.58kPa) which are higher than that 
at other points. The reason behind this is due to locations of these points being nearer the volute 
tongue and outlet volute regions; as well the interactions between the rotator (impeller) and 
stator (volute) having high influences on the inner flow field. Based on the information 
represented in this section, the results of pressure fluctuations around the volute showed that 
the cross-section area of the volute have a high effect particularly close or near the tongue 
region. 
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Figure 5-17: Pressure fluctuations around the volute at Q=300(l/min), Z=5, do=215mm, 
di=30mm, and N=2755rpm 
Table 5-6: Statistical analysis results of the static pressure fluctuations in the volute at 
Q=300(l/min), Z=5, do=215mm, di=30mm, and N=2755rpm 
Statistical  
features 
VP1 
(kPa) 
VP2 
(kPa) 
VP3 
(kPa) 
VP4 
(kPa) 
VP5 
(kPa) 
VP6 
(kPa) 
VP7 
(kPa) 
VP8 
(kPa) 
VP9 
(kPa) 
VP10 
(kPa) 
VP11 
(kPa) 
VP12 
(kPa) 
Avg. 352.4 335.59 311.08 300.12 334.35 353.10 309.60 377.10 365.68 359.45 354.68 354.47 
Min. 339.1 321.52 296.06 288.27 317.80 315.23 286.86 364.77 340.85 337.28 332.58 332.31 
Max. 363.3 348.02 322.16 308.09 347.16 391.66 337.35 386.58 382.55 374.72 369.80 369.61 
Min.-
Max. 
24.25 26.50 26.09 19.82 29.36 76.43 50.49 21.81 41.69 37.44 37.22 37.30 
 Pressure Fluctuations along the Angular Position within the Impeller  
In order to investigate the pressure fluctuations in the impeller passages quantitatively, different 
monitoring points were used as shown in Figure 5-16 in section 5.5.1. Figure 5-18 depicts the 
pressure fluctuations at the impeller of the pump which the corresponding operating conditions 
can be designated as condition A, for eight monitoring points. It can clearly be seen that the 
pressure fluctuation amplitudes at the impeller outlet are higher than the pressure fluctuation 
amplitudes at impeller inlet. In addition, the pressure fluctuations are increased as the distance 
from the impeller eye is increased and the maximum value is at the outlet of the impeller 
diameter as mentioned earlier. The pressure fluctuations are increased near the volute tongue 
and the high-pressure are noticed at points IP7 and IP8. According to this figure, the pressure 
fluctuations curves for points IP1 and IP2 are relatively flat. The results of the pressure 
fluctuations as depicted in this figure showed that the larger pressure fluctuations can be seen 
at monitoring point IP8, where the maximum value for pressure fluctuation is 354.85kPa as 
shown in Table 5-7. Furthermore, the minimum pressure fluctuations were at monitoring point 
IP1 due to the location of this point being close to the eye of the impeller and this particular 
region has a low-pressure area. Based on the above analysis regarding the pressure fluctuations 
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at the impeller, the results showed that the radius of the impeller and the volute tongue region 
have a high effect on the pressure fluctuations.  
  
Figure 5-18: Pressure fluctuations in the impeller and the pump having Q=300(l/min), Z=5, 
do=215mm, di=30mm, and N=2755rpm 
Table 5-7: Statistical analysis results in the impeller at Q=300(l/min), Z=5, do=215mm, 
di=30mm, and N=2755rpm 
Statistical  
features 
IP1 
(kPa) 
IP2 
(kPa) 
IP3 
(kPa) 
IP4 
(kPa) 
IP5 
(kPa) 
IP6 
(kPa) 
IP7 
(kPa) 
IP8 
(kPa) 
Avg. -16.48 -55.32 3.44 55.63 123.04 211.81 279.78 312.71 
Min. -19.78 -71.26 -13.52 39.68 104.06 185.72 248.68 277.86 
Max. -13.57 -43.27 21.09 73.79 143.79 236.94 309.88 354.85 
Min.-Max. -6.21 -27.98 7.57 15.95 18.98 26.10 31.10 34.85 
For further analysis regarding the change in pressure within a centrifugal pump, Figure 5-19 
depicts the average pressure at 8 monitoring points within the impeller for the pump under 
different flow rates namely 100, 150, 200, 250, 300, 320(l/min) at constant N=2755rpm. It can 
be seen that the negative pressure is exhibited at the inlet of the impeller particularly at 
monitoring points IP1 to IP2, as well as at point 3 for flow rate of 320(l/min). It can be seen 
that the low-pressure region in the eye of the impeller decreases as flow increases. This is 
because this particular area of the impeller has lower pressure and hence, may cause cavitation 
due to the decrease in the water pressure in this region below the water vapour pressure. The 
results also showed that the average pressure at the impeller increases with distance from the 
eye and can be seen from monitoring points IP1 to IP8 under the different flow rates. Also, the 
highest value for the average pressure was at point IP8 for the different flow rates. Furthermore, 
it can be clearly observed that the average pressure decreases as flow rate increases for various 
cases under investigation. Table 5-8 and Table 5-9 summarise the maximum and minimum 
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pressure fluctuations of the 8 monitoring points at the impeller under different flow rates. Based 
on above results it can be concluded that the pressure in the impeller increases when the 
distance from the eye along the radius of the impeller increases. The low pressure at the eye of 
the impeller decreases as flow rate increases. 
 
Figure 5-19: Average pressures in the impeller under different flow rates 
Table 5-8: Maximum static pressure fluctuations at the impeller under different flow rates 
Flow rate  
(l/min) 
IP1 
(kPa) 
IP2 
(kPa) 
IP3 
(kPa) 
IP4 
(kPa) 
IP5 
(kPa) 
IP6 
(kPa) 
IP7 
(kPa) 
IP8 
(kPa) 
100 -4.47 40.23 99.45 159.46 233.67 326.66 409.66 470.67 
150 -5.93 29.24 91.09 151.25 226.02 318.75 400.81 457.71 
200 -6.03 14.93 76.03 135.82 210.44 301.81 381.60 428.62 
250 -9.51 -9.84 52.22 110.55 183.08 274.59 350.48 388.64 
300 -13.57 -43.27 21.09 73.79 143.79 236.94 309.88 354.85 
320 -14.26 -49.70 13.80 68.80 140.91 235.56 308.84 355.82 
Table 5-9: Minimum static pressure fluctuations at the impeller under different flow rates 
Flow rate  
(l/min) 
IP1 
(kPa) 
IP2 
(kPa) 
IP3 
(kPa) 
IP4 
(kPa) 
IP5 
(kPa) 
IP6 
(kPa) 
IP7 
(kPa) 
IP8 
(kPa) 
100 -8.86 12.43 57.67 102.66 159.34 232.52 294.25 314.41 
150 -10.76 2.95 51.16 96.32 152.81 224.27 285.00 309.30 
200 -13.19 -15.38 42.03 93.50 151.08 225.01 286.12 311.56 
250 -16.17 -40.58 21.12 74.80 138.67 216.97 278.07 310.70 
300 -19.78 -71.26 -13.52 39.68 104.06 185.72 248.68 277.86 
320 -20.17 -81.59 -25.98 24.44 89.53 173.06 234.22 261.64 
Figure 5-20 depicts the average pressure at 12 monitoring points around the volute for the 
centrifugal pump under different flow rates namely 100, 150, 200, 250, 300, 320(l/min) at       
N=2755rpm. It can be seen that the average pressure has the same trend for different cases 
under investigation. Also, the results showed that for different monitoring points around the 
volute, the pressure decreases as flow rate increases, except for monitoring points VP6 and 
VP7, where the average pressure is slightly increased when the pump operates near or higher 
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than the design flow rate. This is due to the fact that the locations of these points are near to 
the tongue region. Additionally, it can be observed that the maximum value of pressure was at 
volute outlet. Table 5-10 and Table 5-11 summarise the maximum and minimum pressure 
fluctuations of the 12 monitoring points within the volute under different flow rates. 
Furthermore, based on the above analysis, with regard to the variations of pressure in the volute, 
the results showed that the volute cross-section area especially at tongue region and flow rate 
have a high effect on the pressure variations. 
Table 5-10: Maximum static pressure fluctuations at the volute under different flow rates 
Flow 
rate 
(l/min) 
VP1 
(kPa) 
VP2 
(kPa) 
VP3 
(kPa) 
VP4 
(kPa) 
VP5 
(kPa) 
VP6 
(kPa) 
VP7 
(kPa) 
VP8 
(kPa) 
VP9 
(kPa) 
VP10 
(kPa) 
VP11 
(kPa) 
VP12 
(kPa) 
100 497.13 493.66 483.02 457.91 435.36 420.39 364.83 452.74 512.24 511.06 510.27 509.24 
150 476.98 469.38 452.97 426.62 410.03 388.77 344.96 448.74 494.26 492.97 491.71 490.73 
200 448.43 438.82 417.40 393.26 394.74 378.30 331.23 438.64 466.73 463.84 462.55 461.27 
250 411.84 399.28 374.24 353.83 371.77 384.39 326.44 420.21 429.36 424.72 422.47 421.32 
300 363.39 348.02 322.16 308.09 347.16 391.66 337.35 386.58 382.55 374.72 369.80 369.61 
320 344.02 328.08 301.67 290.92 340.78 393.86 337.34 366.76 362.53 354.97 348.69 348.81 
Table 5-11: Minimum static pressure fluctuations at the volute under different flow rates 
Flow 
rate  
(l/min) 
VP1 
(kPa) 
VP2 
(kPa) 
VP3 
(kPa) 
VP4 
(kPa) 
VP5 
(kPa) 
VP6 
(kPa) 
VP7 
(kPa) 
VP8 
(kPa) 
VP9 
(kPa) 
VP10 
(kPa) 
VP11 
(kPa) 
VP12 
(kPa) 
100 478.89 469.42 449.35 426.96 423.09 364.88 285.12 0.00 471.20 473.71 472.95 471.89 
150 462.82 448.28 423.03 396.66 400.09 358.27 264.13 427.60 457.05 458.41 457.16 456.12 
200 437.26 420.11 390.38 362.63 375.32 356.39 273.43 412.31 435.10 435.28 433.89 432.62 
250 395.90 378.15 347.84 328.39 350.49 342.53 286.09 396.56 396.77 394.84 392.59 391.46 
300 339.14 321.52 296.06 288.27 317.80 315.23 286.86 364.77 340.85 337.28 332.58 332.31 
320 314.38 298.29 274.12 273.20 304.26 303.37 288.67 342.99 314.24 310.60 304.59 304.75 
 
Figure 5-20: Average pressures around the volute under different flow rates 
For further investigation the pressure fluctuations within a pump were analysed in frequency 
domain using FFT as can be seen in the next section.  
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5.5.3. Analysis of the Pressure Fluctuations of the Pump in Frequency Domain   
The Fast Fourier Transform converts the time domain data into frequency domain and 
generates a complex spectrum of the sampled signals under study, it is commonly utilised in 
different engineering fields such as electrical, mechanical and computer engineering [12]. The 
outcome of the FFT in the present study offers the amplitude of pressure fluctuations with 
frequency [12]. There are two dominant frequencies in the centrifugal pump, the first being the 
rotational frequency (Rf) and its related harmonics, and can be calculated through the use of 
the below equation:    
                                           Rf = (N/60) or (impeller rotational speed/60)                           (5-1) 
The second one is Blade Passing Frequency (BPF) and its related harmonic which can be 
calculated by using Eq. (5-2): 
           BPF= (impeller rotational speed/60) * number of blades, or BPF= (N/60) *Z        (5-2) 
These types of frequencies are generated due to the movement of impeller blades. 
Figure 5-21 depicts the 3-D figure of volute pump frequency and its harmonics against pressure 
amplitude for all the monitoring points, the corresponding operating conditions A. This figure 
depicts the pressure fluctuation amplitudes with their frequencies for the different monitoring 
points on the volute. At the volute, the maximum pressure fluctuation amplitude for all the 
monitoring points are at BPF 236.14Hz. This type of frequency is generated because of the 
interaction between the impeller blades and the volute, close to the volute tongue region, where 
the BPF value was quite higher than that of the other region. In addition, the frequency for all 
monitoring points is significant at first harmonic. Further analysis of the frequency results 
exhibit that the deviation of calculation outcomes for transient conditions compared with 
calculation by equation (5-2) for the BPF is about 2.78%, where the BPF from above equation 
is equal to 229.58Hz. Furthermore, the numerical results showed that all curves of monitoring 
points have a similar trend but at different maximum amplitude values based on the location of 
these monitoring points close, near or far, relative to the volute tongue region as shown in Table 
5-12. Based on the information represented in this section, with regard to the pressure 
fluctuation amplitudes around the volute, the results revealed that unsteady flow and 
asymmetric cross-section area of the volute have a high effect on increased or decreased values 
of the pressure fluctuations amplitude, particularly near the tongue region. 
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Figure 5-21: Frequency spectra around the volute and the pump having Q=300(l/min), Z=5, 
do=215mm, di=30mm, and N=2755rpm 
Table 5-12: Maximum amplitude of pressure fluctuations at the volute and the pump with 
Q=300(l/min), Z=5, do=215mm, di=30mm, and N=2755rpm 
Frequency Maximum amplitude of pressure fluctuations for 12 monitoring points at the impeller (kPa) 
Hz VP1 VP2 VP3 VP4 VP5 VP6 VP7 VP8 VP9 VP10 VP11 VP12 
236.14 6.73 8.23 7.91 5.58 8.11 21.55 11.42 3.09 12.41 11.66 11.54 11.55 
Figure 5-22 depicts the three dimensional figure of impeller pump frequency (shaft frequency) 
and its harmonics against pressure amplitude for all monitoring points. This figure shows the 
variations in the amplitude of the pressure fluctuation against frequencies for all the monitoring 
points and the amplitude of the frequency was quite significant at the first harmonic. Also, the 
pressure fluctuation increases with radius of the impeller increases and the maximum value of 
the pressure fluctuation is at the outlet of the impeller diameter. In addition, in the impeller, the 
maximum pressure fluctuation for entire monitoring points is at frequency equal 47.23Hz. The 
pressure fluctuation gradually decreases with increasing frequency for all points and the 
amplitude of pressure fluctuations at monitoring point IP8 was larger than other points as 
displayed in Table 5-13. The analysis showed a 2.77% deviation from the calculated results for 
transient conditions when compared with equation (5-1) for the impeller rotational frequency. 
Based on the above investigation regarding the amplitude of the pressure fluctuations at the 
impeller, the results revealed that unsteady flow and impeller diameter has a high effect on the 
pump pressure amplitudes. 
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Figure 5-22: Frequency spectra in the impeller and the pump having Q=300(l/min), Z=5, 
do=215mm, di=30mm, and N=2755rpm 
Table 5-13: Maximum amplitude of static pressure fluctuations at the impeller and the pump 
with Q=300(l/min), Z=5, do=215mm, di=30mm, and N=2755rpm 
Frequency Maximum amplitude of pressure fluctuations for 8 monitoring points at the impeller (kPa) 
Hz IP1 IP2 IP3 IP4 IP5 IP6 IP7 IP8 
47.23 1.89 1.89 10.00 8.73 11.24 13.82 16.66 19.45 
5.6. Cavitation Detection in the Centrifugal Pump 
Undoubtedly, cavitation has undesirable effect in any turbomachinery system such as turbines 
and pumps. Due to cavitation effects, various types of problems occur such as performance 
deterioration, damage to the turbomachinery components and increase in the level of noise and 
vibration. In this current study, an attempt was made to investigate the effect of cavitation 
within a centrifugal pump using numerical analysis. The performance analysis of the pump and 
detection of cavitation was carried out under various operating conditions. The results were 
presented in the form of vapour volume fraction contour and in the form of the pump head for 
qualitative and quantitative analyses respectively. Vapour volume fraction is a significant 
parameter in detecting cavitating flow conditions within a centrifugal pump, varying from 
between 0 and 1. When the value of vapour volume fraction is equal 1, this means 100% of 
vapour bubbles have occurred. 
5.6.1. Detection of Cavitation in the Impeller of the Centrifugal Pump 
This section will discuss and analyse the detection of cavitation using numerical simulation 
inside the pump. This tool is being used to reveal the significant characteristic mechanism of 
cavitation in the pump. In order to achieve this, CFD code was used to simulate the two-phase 
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flow (water-liquid and water-vapour). This study will be carried out under various flow rates 
in order to study the effect of these wide ranges of flow rates. The flow rates include 150, 200, 
250, 300, 320, 330, 340, 350, 360, and 370(l/min) respectively, under cavitation conditions. In 
order to investigate the inception and development of cavitation within the inner flow fields of 
centrifugal pump under various flow rates, the vapour volume fraction distribution of cavitation 
is analysed in this section. 
Figure 5-23 shows the distribution of vapour volume fraction near the inlet of an impeller under 
various flow rates. Generally, cavitation occurs in the vicinity of low-pressure region. The 
results showed that the cavitation inception and development on the impeller could be classified 
into four levels as per the increase in the vapour volume fraction. The following points emerged 
from the present investigation: 
 Level 1: No cavitation occurrence in this stage is noticed 
When the range of flow rate is between 150 and 250(l/min), the cavitation does not occur as 
depicted in Figure 5-23 (a) to (c).  
 Level 2: The stage of small inception of cavitation 
When the range of flow rate is between 300 and 320(l/min), the cavitation mostly occurred on 
the suction surface of the impeller blades passages. Thus, it can be observed that the cavitation 
zone is small, and then it slowly increases. However, the cavitation increase at this stage is 
slow, showing inception of cavitation as depicted in Figure 5-23 (d) and (f). 
 Level 3: The stage growth of cavitation 
When the range of flow rate is between 320 and 350(l/min), a rapid cavitation growth occurs 
on the impeller and the location of cavitation extends to inlet sides of passages. The cavitation 
zone develops, and then from this range cavitation rapidly grows in the impeller of the pump. 
Furthermore, it is obvious that from this figure the maximum vapour volume fractions are 
mostly distributed in a specific area nearby the entrance of the impeller, particularly in the eye 
of impeller. 
 Level 4: The stage of development of cavitation 
In this final stage when the flow rate is higher than 350(l/min), the cavitation mostly develops 
in all the passages of the impeller. Also, it can be clearly seen that the centrifugal pump under 
this flow rate has the highest vapour volume fraction at near and around the inlet of impeller 
compared with other flow rates. Under this flow rate, the smaller bubbles increase rapidly, 
thereafter causing blockages to the flow of water and consequently causing a reduction in the 
performance of the pump. The maximum vapour volume fractions were mostly distributed in 
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a special area near the inlet surface of blades of an impeller, subsequently progressively 
increasing along each passage of an impeller. Also, it can be seen that the vapour volume 
fraction increases along the radial direction, and then starts to block the inlet passages of the 
impeller under high flow rates. This indicates that the performance of the centrifugal pump 
significantly decreases under high flow rate. 
As a result, from above findings, it can be concluded that the numerical analysis using CFD 
code provides a good indication regarding the behaviour of cavitation within a centrifugal 
pump under a wide range of operational conditions. 
    
(a)150(l/min)                         (b) 200(l/min)                         (c) 250(l/min) 
No cavitation                          
     
   (d) 300(l/min)                                (e) 320(l/min)                          (f) 330(l/min) 
              Inception of cavitation               
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(g) 340(l/min)                       (h) 350(l/min)                            (i) 360(l/min) 
Development of cavitation       
  
(j) 370(l/min) 
Fully development of cavitation 
Figure 5-23: Vapour volume fraction distributions under different flow rates at 2755rpm 
Based on the above numerical results the following conclusions can be noted: 
 The results showed that cavitation in turbomachines, like the centrifugal pump, is a 
significant phenomenon that affects the performance of the pump. Also, analysing the level 
of cavitation, as well as investigating their impact on the flow field pattern within a pump, 
needs to be further studied. In addition, the ability to compute and analyse cavitation using 
CFD code is important due to it can help in linking local flow features with global 
performance characteristics of the pump. 
 The position, level and characteristics of the cavitation within a centrifugal pump were 
investigated. Also, the numerical simulation for flow in the pump under various operating 
conditions was carried out. Additionally, the results revealed that the cavitation mainly 
occurred at the inlet eye of impeller flow region with no cavitation occurring at the volute 
flow region. 
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 The numerical investigation results found that it can capture the different levels of cavitation 
in the pump. Also, these numerical results revealed that the cavitation cannot be observed 
at low range flow rates. While at high range flow rates, bubble formation occurs and the 
cavitation were observed to occur, meaning that the occurrence of cavitation increases as 
the flow rate increases. 
 Based on the above analysis, the results showed that the flow rate has a high effect on 
cavitation, particularly at the eye of the impeller region. 
 Numerical simulation using CFD technique accurately predicts the behaviour of the flow 
field and cavitation within a centrifugal pump. 
 The results showed that the use of CFD was good tool for detecting the different levels or 
stages of cavitation such as no cavitation, inception, development and full development 
within a centrifugal pump under various operation conditions. 
5.6.2. Instantaneous Pump Head at Different Flow Rates with Two-phase Modelling 
Approach 
The effects of different operating conditions on the instantaneous head of the centrifugal pump 
with two-phase modelling approach at various flow rates were investigated. The flow rates of 
150, 200, 250, 300,320, 330, 350, 360, 370(l/min) were selected for this study. The 
instantaneous head at various flow rates are compared, and the results are depicted in Figure 
5-24. It can be clearly seen that the different operational conditions have a significant and clear 
influence on the instantaneous head at the pump. Moreover, the same trend can be seen as for 
single-phase modelling approach that is instantaneous head decreases when the flow rate is 
increased. That supported by the fact that there are five peaks and valleys depending on the 
number of blades, the average heads are 47.48, 45.56, 42.59, 38.11, 36.04, 34.55, 32.78, 
30.58,28.52, and 25.70m respectively. Based on the information represented in this section, the 
results of the effect of cavitation on the head under different flow rates showed that the flow 
rate has a high effect on the pump head.  
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Figure 5-24: Instantaneous head of the centrifugal pump under cavitation conditions and 
various flow rates at 2755rpm 
5.6.3. The Transient Cavitation Behaviour under Design Flow Rate in One Revolution 
Cycle 
Figure 5-25 depicts the inception of cavitation in the passages of the impeller at operational 
conditions were flow rate of 300(l/min), Z=5, do=215mm, di=30mm, and N=2755rpm, in one 
revolution cycle at six different angular positions. Location of small areas of cavitation at the 
inlet of the impeller, close to the leading edges of blades on the flow passage can be seen due 
to the lower pressure zone within this domain. Also, the cavitation area is approximately the 
same during the impeller rotating in on the cycle. Furthermore, cavitation under the design flow 
rate of Q=300(l/min) was inception of cavitation. According to the specification of America 
hydraulic standard association, cavitation development occurs when the head is decreased by 
3% [114, 139]. 
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Anticlockwise impeller direction  
    
 θ=60o                                          θ=120o                                                     θ=180o 
     
θ=240o                                         θ=300o                                                 θ=360o 
Figure 5-25: Impeller direction and behaviour of the vapour volume fraction distributions in 
the passages of impeller at different angular positions 
5.6.4. Pressure Variations under Cavitation Condition at Different Flow  
Figure 5-26 depicts the vapour volume fraction and pressure variations contours under the 
condition of inception and development of cavitation at different flow rates (300, 350 and 
370l/min). For accurate comparison purposes, all the pressure variations and vapour volume 
fraction distribution contours displayed in this figure were plotted on a similar scale. It can be 
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seen that the cavitation appears at the inlet eye of impeller near the blade’s leading edges at a 
flow rate of 300(l/min). It (cavitation) then extends and develops in the passages of the impeller 
at flow rates of 350 and 370(l/min). This occurs because of the decrease of the low-pressure 
region at the inlet eye of the impeller. When the pressure decreases at the eye of impeller, 
cavitation increases particularly at this region. However, cavitation on every passage remained 
approximately the same at 350 and 370(l/min) flow rates. It can be seen from the above findings 
that the cavitation inception and development in the centrifugal pump is highly dependent on 
the low-pressure region at the inlet eye of impeller. Again, based on the above analysis 
illustrated in this section, regarding the cavitation, the results showed that the flow rate has a 
high effect on the cavitation within a pump. 
   
Q=300(l/min)                             Q=350(l/min)                     Q=370(l/min) 
   
Q=300(l/min)                             Q=350(l/min)                     Q=370(l/min) 
Figure 5-26: Static pressure and volume fraction variations contours in the centrifugal pump 
under 300, 350 and 370(l/min) 
5.6.5. Detection of Cavitation within the Centrifugal Pump under Different Flow Rates 
The head of the centrifugal pump was calculated under both single-phase and cavitation 
conditions as depicted in Figure 5-27. These curves displaying numerical results from CFD 
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predictions corresponding to N=2755rpm. It can be observed that the head of the pump 
decreases as the flow rate increases, with the curve of the head under cavitation conditions 
lower than the curve for single-phase. Furthermore, the result showed that from flow rate of 
150 to 250(l/min), both curves corresponding to single-phase and cavitation conditions are 
quite close. This is due to the fact that no cavitation occurred under this flow rate range, which 
then led to no significant change occurring at the head of the pump. Also, cavitation zone can 
be seen to form at the inlet of the impeller. It can be seen that the low pressure in the eye of the 
impeller decreases as the flow rate increases as shown in the previous section. The inception 
of cavitation occurred when the flow rate is around 300(l/min) because of the head decreased, 
when compared with that of the single-phase condition under the same flow rate, which is about 
a 0.577% difference. According to the specification of American hydraulic standard 
association, the cavitation development occurred with a 3% decrease in the head [140]. The 
numerical results indicated that cavitation starts to develop after a flow rate of 340(l/min) 
within the impeller of the pump. Also, fully developed of cavitation occurred on the suction 
surface, close to the inlet of the impeller, after a flow rate of about 370(l/min) in the pump. 
This is due to the existence of a lower pressure zone within this area which further causes a 
decrease in head when compared with single-phase condition. Based on the above analysis, it 
is clear that the inception of cavitation starts from 320 to 340(l/min) because of the fact that 
the head drop at flow rate 340(l/min) was about 3.39%. However, the development of cavitation 
occurred at flow rate of 350(l/min) because the head drop at this flow rate was around 6.4%. 
The highest head drop comparison between single-phase and cavitation conditions occurred at 
flow rate of 370(l/min) which was around 14.6%.  
 
Figure 5-27: Characteristic curves of the centrifugal pump under single-phase and cavitation 
conditions 
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5.6.6. Detection of Cavitation Behaviour in the Centrifugal Pump under Different NPSH 
This section further analyses the flow structure within the centrifugal pump under cavitation 
model by decreasing the value of the outlet pressure, the value of NPSHA is reduced and the 
cavitation curves are obtained as discussed in the following section [141]. The NPSH was 
calculated by using Eq. (4-14). The value of NPSHR is determined when the head of the pump 
is decreased under 3% [114], according to the American Hydraulic Standards Institute [139].  
Figure 5-28 depicts the results of simulation within the centrifugal pump by varying the volume 
fraction with various NPSH values and the pump operated under design operating conditions 
with flow rate of 300(l/min), Z=5, do=215mm, di=30mm, and N=2755rpm. The NPSH are 
9.93, 8.93, 7.91, 6.89, 5.86, and 4.85m, corresponding to letters A, B, C, D, E and F respectively 
in Figure 5-28, within the centrifugal pump. As seen in the previous section, in order to make 
the cavitation regions within an impeller more apparent, it can be visualised through the use of 
vapour volume fraction contours. The appearance of a cavity first occurs on the suction side 
nearby the blade leading edges within the impeller flow passages in the low pressure region. 
Thereafter, the cavitation zone becomes greater at the inlet impeller, as depicted in Figure 5-28 
(F). The numerical results found that when the value of the NPSHA was decreased, the cavity 
extends in the impeller channels and may cause a flow blockage. Furthermore, cavitation will 
fill the spaces within the inter blade passage alongside the blades of an impeller. The head of 
the pump begins to drop as revealed in Figure 5-28. This figure shows that as a result of a 
sudden drop in the pump head, the cavitation bubbles become larger. In this situation, the pump 
performance becomes abnormal and high-pressure fluctuations begin to occur due to the 
collapse of the bubbles, causing damage to the blades of the impeller. The numerical results 
showed that cavitation increases as the NPSH decreases and severe cavitation occurs within 
the pump when the NPSH continues to decrease, which occurs at the inlet of the impeller at the 
suction side of blades. This is due to the fact that this region has low pressure when compared 
to other regions in the pump. As a result, the formation of cavitation occurs faster at low values 
of NPSH.  
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(A) NPSH=9.95m                   (B) NPSH=8.93m                      (C) NPSH=7.91m 
    
 (D) NPSH=6.89m                  (E) NPSH=5.87m                 (F) NPSH=4.85m 
Figure 5-28: Variation of vapour volume fraction distributions with various NPSH at Q= 
300(l/min), Z=5, do=215mm, di=30mm, and N=2755rpm 
5.6.7. Pressure Variations under Cavitation Condition at Different NPSH  
For further investigation regarding cavitation conditions within the pump under different 
NPSH, Figure 5-29 depicts the pressure variation contours at the flow rate of 300(l/min) and 
N=2755rpm under various NPSH. Pressure increase can be seen from the inlet to the outlet of 
the impeller. Also, the pressure at blades’ suction side of the impeller channel is lower than the 
pressure side for all cases under investigation. These numerical findings for pressure variations 
have a similar trend as compared to the numerical result by the single-phase method. In 
addition, it can be seen that the low-pressure region at the inlet eye of the impeller increases as 
NPSH decreases. The reason for this is due to the small cavitation area, which appears at the 
inlet eye of the impeller near the blades leading edges; cavitation then extends and develops in 
the passages of impeller at low value of NPSH. This is due to the decrease in the low-pressure 
region at the inlet eye of the impeller as shown in the pressure variations contour. When the 
pressure decreases and reaches its minimum value, cavitation increases, particularly at this 
region. In addition, when the pump continuously operates under lower values of NPSH, erosion 
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occurs more rapidly on the blades of the impeller due to cavitation, at lower values of NPSH. 
It can be concluded that from the findings above the cavitation inception and development in 
the pump is highly dependent on the low-pressure region in the inlet eye of the impeller and 
NPSH.  
   
(A) NPSH=9.95m                        (B) NPSH=8.93m                       (C) NPSH=7.91m 
    
 (D) NPSH=6.89m                    (E) NPSH=5.87m                   (F) NPSH=4.85m 
Figure 5-29: Variation in static pressure distributions with various NPSH at Q=300(l/min), 
Z=5, do=215mm, di=30mm, and N=2755rpm 
Figure 5-30 depicts the average pressure in the impeller at 8 monitoring points at the design 
condition of Q=300(l/min) and N=2755rpm under different NPSH. It can be observed that the 
pressure at the inlet of an impeller decreases when the NPSH deceases in all the cases being 
investigated. Also, it can be seen that amplitudes of pressure fluctuations increase as the 
distance along the radius of the impeller is increased. In addition, both the negative pressure 
and positive pressures can be seen. The negative pressure occurs at the inlet of the impeller, 
which causes cavitation, noise and vibration on the impeller.  
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Figure 5-30: Static pressure at the impeller with various NPSH at Q=300(l/min), Z=5, 
do=215mm, di=30mm, and N=2755rpm  
5.6.8. Instantaneous Head under Cavitation Condition at Different NPSH 
Figure 5-31 depicts the instantaneous head under different NPSH of the pump at the design 
flow rate of 300(l/min). It can be clearly seen that there are five peaks and valleys of the 
instantaneous head. In addition, when the NPSH decreases, the instantaneous head also 
decreases and when the NPSH is reduced, cavitation starts to develop in the pump as shown in 
Figure 5-28. For further qualitative analysis of the centrifugal pump performance under 
different NPSH, Table 5-14 provides the statistical analysis parameters such as minimum, 
maximum and average instantaneous head. It can be seen from this table that the above 
statistical parameters decrease as NPSH is reduced and as a result, cavitation occurs because 
of the reduced NPSH as already explained in the previous section. 
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Figure 5-31: Instantaneous head variations of the pump under different NPSH  
Table 5-14: Statistical analysis results of the pump head under different NPSH  
Head NPSH=9.9 NPSH=8.9 NPSH=7.9 NPSH=6.8 NPSH=5.8 NPSH=4.8 NPSH=3.8 
(m) (m) (m) (m) (m) (m) (m) (m) 
Average 38.11  38.10  37.71  37.45  36.34  35.16   33.97  
Minimum 36.83  36.69  36.42  36.13  35.06  33.76  32.68  
Maximum 38.79  38.95  38.40  38.19  37.05  36.02  34.80  
Figure 5-32 depicts the relationship between the head of the pump and NPSH. It shows the 
head drop of the pump under flow rate of 300(l/min) corresponding to points A, B, C, D, E, F 
and G. In this figure, the curve of head-NPSH can be divided into three parts. The first part 
shows when the NPSH is equal to between 6.89m and 9m, an inception of cavitation occurs in 
this region. The second part displays the occurrence of the development of cavitation when the 
NPSH is equal to 5.87m corresponding to head drop of about 4.36%. The third and final part 
illustrates the full development of cavitation when the NPSH is equal to 3.83 m with a head 
drop of 10.84%. Furthermore, when the NPSH decreases, the cavitation on the suction side of 
the pump begins to develop as illustrated in Figure 5-28. Table 5-15 summarises the 
relationship between the head of the pump and NPSH based on various NPSH values. It can be 
found from this table that the NPSHR of centrifugal pump at Q=300(l/min) is 5.87m at point 
(E) due to the head drop in this case being under 4.36% as mentioned earlier. Based on the 
above analysis, it can be observed that the general behaviour trend of the NPSH against head 
of the pump was in agreement with the one proven in previous studies of different types of 
pumps [60, 72, 142, 143]. However, the flow field analysis of static pressure distributions under 
different NPSH, and using different statistical analysis of the pump head under different NPSH 
using different features such as average, minimum, maximum and (min-max), were not 
commonly carried out in most of these studies. 
 PREDICTION OF PERFORMANCE AND DETECTION OF CAVITATION USING CFD TECHNIQUE  
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
149 
 
 
Figure 5-32: Cavitation characteristics prediction curve for the pump having flow rate 
300(l/min), Z=5, do=215mm, di=30mm, and N=2755rpm 
Table 5-15: Relationship between the head of the pump and NPSH at Q=300(l/min), Z=5, 
do=215mm, di=30mm, and N=2755rpm 
Case Head NPSH Difference in 
Head 
(-) (m) (m) (%) 
A 38.11 9.95  
B 38.10 8.93 0.02 
C 37.71 7.91 1.03 
D 37.45 6.89 1.72 
E 36.34 5.87 4.63 
F 35.16 4.85 7.73 
G 33.97 3.83 10.84 
5.7. Numerical Analysis of Cavitation within a Centrifugal Pump under Different Pump 
Rotational Speeds 
As seen in previous sections, the numerical results revealed that the cavitation has an important 
effect on the performance of the pump. For further analysis, the purpose of current section is 
to investigate the effect of various pump rotational speeds on cavitation flows within a 
centrifugal pump. 
5.7.1. Detection of Cavitation under Variable Speeds 
As already mentioned and observed in previous sections, the inception and development of 
cavitation within a pump directly depends on the different operating conditions. Therefore, the 
flow pattern behaviour distribution such as the vapour volume fraction in the pump can be 
predicted at various operational conditions. Figure 5-33 depicts the distribution of vapour 
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volume fraction contours within an impeller at various rotational speeds of 2320, 2610, and 
2755rpm, at different flow rates of 300, 330 and 350(l/min). It can be observed that at 
300(l/min) flow rate, there was no occurrence of cavitation at rotational speeds of 2320 and 
2610rpm, but small cavitation occurs when the speed goes up to 2755rpm. The numerical 
results showed that occurrence of cavitation changes with various pump rotational speeds and 
flow rates. Also, cavitation increases as the pump rotational speed and flow rate increase 
starting from the inlet of the impeller close to the leading edge under different rotational speeds 
and flow rates. The length of the cavity is increased with a decrease in low pressure at the inlet 
impeller (eye). The possible reason might be due to the increase in the pump rotational speed 
leading to the increase in the flow velocity within an impeller, hence, the pressure at the eye of 
the impeller continually decreases, and as a result, the cavitation intensity will increase within 
a pump. In addition, at 2755 rpm, cavitation was affected highly at the suction of the impeller 
compared to the rotational speed at 2610 and 2320rpm. Furthermore, based on the above 
analysis, the numerical results found that the pump speed and flow rate have a high effect on 
the development of cavitation within a pump. 
   
300 (l/min)                                    330(l/min)                           350(l/min) 
         N=2320rpm 
   
300(l/min)                                    330(l/min)                           350(l/min) 
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         N=2610rpm 
   
300(l/min)                                    330(l/min)                           350(l/min) 
         N=2755rpm 
Figure 5-33: Variation of volume fraction distributions under various rotational speeds and 
flow rates 
Due to the high complexity of geometry and flow inside the pump, there are still various issues 
relating to the behaviour of the flow pattern in pumps, which necessitate their study under 
different geometrical parameters. Carrying out investigations using experimental tests on the 
pump with various geometrical parameters can be costly and time-consuming due to its 
numerous requirements and setups. Therefore, for these reasons, it would difficult to carry out 
comprehensive analysis of the flow field behaviour for different geometrical parameters and 
various operating conditions within the centrifugal pump. Hence, the numerical analysis using 
CFD code has currently become quite an effective and suitable technique to investigate and 
discuss the flow field within the pump. Therefore, in the next section, analysis and discussion 
regarding the effects of different geometrical parameters on the flow field behaviour and pump 
performance in cases with and without cavitation will be presented. Moreover, different semi-
empirical equations were developed to estimate the head and power coefficients for the pump 
under single-phase and cavitation conditions is novel contribution in this work. 
5.8. Effect of Impeller Geometrical Parameters under Single-Phase and Cavitation 
Conditions 
As clearly seen in the previous sections, the different operating conditions have a significant 
effect on the flow field behaviour and the pump performance. For further analysis, the 3-D 
centrifugal pump model considered in the current investigation was analysed with various 
geometrical parameters as the geometrical parameters play an important role in the 
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performance of the pump. The main goal for this study is to carry out extensive numerical 
calculations using CFD code, in order to determine and study the influences of the number of 
impeller blades, inlet and outlet impeller diameters on the characteristic of the pump 
performance under single-phase and cavitation conditions as shown in the following parts.  
5.8.1. Effect of Number of Impeller Blades (Z) on Performance of the Centrifugal Pump 
under Single-Phase and Cavitation Conditions 
There was limited information regarding the effect of geometrical variations on the pressure, 
velocity distributions, pressure fluctuations and the occurrence of cavitation within the 
centrifugal pump. Therefore, this work provides detailed results regarding the investigation of 
static pressure, velocity magnitude, vapour volume fraction variations and pressure fluctuations 
based on both time and frequency domains analyses and pump head fluctuations. In addition, 
the effect of different geometrical parameters on the cavitation condition within a pump was 
established.  
This chapter focuses on the numerical analysis of the transient behaviour of the centrifugal 
pump for three important parameters. These parameters include the number of blades (Z), the 
outlet impeller diameter (do), and the inlet impeller diameter (di). Further analysis of the above 
geometrical parameters is required to investigate the effect of these parameters on the 
performance and cavitation detection in the pump.  
To some degree, the pump performance characteristics, such as pressure, velocity, pressure 
fluctuations and head are highly impacted by the number of blades, which for most pumps is a 
significant design parameter. If the number of blades is high, the crowding out effect 
phenomenon at the impeller is severe and the velocity of flow increases. In addition, increases 
in the interface between fluid stream and the blade will also cause an increment in the hydraulic 
loss. Hence, using the suitable number of impeller blades for the pump can provide better pump 
performance [144]. In order to analyse the effect of the number of impeller blades on the 
performance of the pump under single-phase and cavitation conditions, three different number 
of impeller blades 3, 4, and 5 were selected for the analysis purpose. Keeping flow rate at the 
design operating conditions of 300(l/min), inlet and outlet impeller diameters di=35mm and 
220mm, and N=2755rpm constant. The complete set of results can be seen in APPENDIX C. 
The next section represents the results obtained from the calculation of the different number of 
impeller blades.  
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Figure 5-34 depicts the static pressure variations within the centrifugal pump corresponding to 
operating conditions were flow rate of 300(l/min), inlet and outlet impeller diameters of 35mm 
and 220mm and N=2755rpm and Z=1,2, and 3 blades. It can be noticed that the pressure is 
increased gradually from the inlet to the outlet of the impeller. Under these operating 
conditions, the static pressure of the blade’s pressure surface is higher than the suction surface. 
The lower pressure inside the impeller is positioned at the suction surface of the blade. The 
high-pressure regions for Z=4 are higher than for Z=3 by 6.7%, and for Z=5 is higher than Z=4 
by about 3.57%. Based on the above analysis, it can be seen that when the the number of 
impeller blades increase the static pressure also increases.  
On further analysing for the flow structure within the centrifugal pump, Figure 5-35 depicts 
the velocity magnitude variations at the middle section of the pump. It can be seen that the 
velocity increases from inlet to exit of the impeller at the design flow rate through the passages 
between the blades. In addition, it can be seen that the high-velocity region for Z=4 is higher 
than for Z=3 by 4.65%. Furthermore, velocity for Z=5 is slightly higher for Z=4 by 2.27%. 
   
       Z=3                                      Z=4                               Z=5 
Figure 5-34: Static pressure variations of the pump under different number of blades 
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       Z=3                                      Z=4                               Z=5 
Figure 5-35: Velocity magnitude variations of the pump under different number of blades 
Many monitoring points are set in the volute and impeller in order to analyse the pressure 
fluctuation in the pump under different impeller geometrical parameters as shown in the 
following section. 
Figure 5-36 (a) depicts the pressure fluctuations for 12 monitoring points on the volute with a 
flow rate of 300(l/min), do=220mm, di=35mm, N=2755rpm and Z=1, 2, and 3 blades. It is 
obvious that the pressure fluctuations at the monitoring points are increased near or close to 
the tongue region then decreased when they are located far from the tongue area. In addition, 
the highest-pressure fluctuations are at the area near the tongue and in the outlet pipe of the 
volute regions. The higher-pressure fluctuation in the volute at for Z=4 is higher than that for 
Z=3 by about 6.34%. Furthermore, the pressure fluctuation in the volute at for Z=5 is slightly 
higher than for Z=4 by 2.67% as presented in Table 5-16. 
Table 5-16: Statistical analysis results of the static pressure fluctuations at the volute under 
different number of blades 
Z=3 
Statistical  
features 
VP1 
(kPa) 
VP2 
(kPa) 
VP3 
(kPa) 
VP4 
(kPa) 
VP5 
(kPa) 
VP6 
(kPa) 
VP7 
(kPa) 
VP8 
(kPa) 
VP9 
(kPa) 
VP10 
(kPa) 
VP11 
(kPa) 
VP12 
(kPa) 
Avg. 316.72 299.49 278.94 280.60 326.12 347.12 328.15 331.16 326.89 323.41 314.41 316.07 
Min. 284.13 286.44 257.67 264.37 283.70 284.30 294.24 296.67 277.04 278.51 270.12 271.40 
Max. 341.39 314.49 297.88 291.58 348.12 436.84 346.48 349.46 359.04 354.60 345.24 347.20 
Min.-
Max. 
32.59 13.04 21.28 16.23 42.42 62.82 33.91 34.49 49.85 44.90 44.30 44.67 
Z=4 
Avg. 345.38 327.20 301.17 296.59 344.02 369.06 353.41 359.02 357.40 353.95 347.04 347.29 
Min. 322.90 300.65 288.55 280.43 325.81 315.79 326.58 332.91 318.00 320.28 313.58 313.85 
Max. 362.67 346.52 311.15 305.02 352.66 433.73 369.49 375.26 383.35 377.14 370.21 370.37 
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Min.-
Max. 
39.76 45.87 22.60 24.59 26.84 117.94 42.92 42.35 65.35 56.86 56.64 56.52 
Z=5 
Avg. 355.61 336.05 308.13 298.79 349.07 379.17 363.69 368.87 367.43 364.05 357.36 357.79 
Min. 343.46 322.62 293.80 289.98 328.01 334.46 343.15 350.66 340.58 342.65 336.13 336.52 
Max. 366.36 347.99 317.86 304.31 364.90 425.20 376.31 380.57 385.82 380.14 373.40 373.89 
Min.-
Max. 
22.90 25.36 24.06 14.33 36.89 90.74 33.16 29.91 45.25 37.49 37.27 37.37 
  
(a)                                        Z=3                               (b) 
  
 
(a)                                        Z=4                               (b) 
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(a)                                        Z=5                               (b) 
Figure 5-36: (a) Pressure fluctuations around the volute and (b) at the impeller of the pump 
under different number of blades 
Figure 5-36 (b) depicts the pressure fluctuations along the angular location within the impeller 
under different number of blades. It can be seen that the pressure fluctuations at the inlet of an 
impeller are low and the pressure fluctuations are increased when the distance along the radius 
of the impeller is increased, with the maximum value found at the outlet of the impeller 
diameter. The maximum pressure fluctuations are at points IP7 and IP8 as summarised in Table 
5-17. This is due to increased interaction between the impeller and volute, which have high 
effects on the impeller flow close to this particular area. This figure also displays that the static 
pressure has maximum values within the tongue region. In addition, pressure fluctuation in the 
impeller at IP8 for Z=4 is slightly higher than that for Z=3 by about 2.01%. Pressure fluctuation 
in the impeller at IP8 for Z=5 is slightly higher than for Z=4 by 4.71%.  
Table 5-17: Statistical analysis results of the static pressure fluctuations at the impeller under 
different number of bladess 
Z=3 
Statistical  
features 
IP1 
(kPa) 
IP2 
(kPa) 
IP3 
(kPa) 
IP4 
(kPa) 
IP5 
(kPa) 
IP6 
(kPa) 
IP7 
(kPa) 
IP8 
(kPa) 
Avg. -28.59 -47.08 21.43 94.28 174.79 229.04 270.87 296.28 
Min. -32.26 -57.81 6.44 75.24 149.56 195.40 229.34 251.77 
Max. -23.18 -35.66 37.82 114.95 203.52 274.58 339.57 388.72 
Min.-Max. -9.08 -22.15 31.38 39.72 53.96 79.18 110.23 136.95 
Z=4 
Avg. -20.16 -56.28 1.16 55.40 121.52 206.68 269.91 302.35 
Min. -23.63 -67.94 -12.25 38.88 100.52 180.25 235.80 262.54 
Max. -16.23 -41.59 20.11 78.95 149.15 239.26 309.92 355.73 
Min.-Max. -7.40 -26.34 7.87 40.07 48.63 59.02 74.11 93.19 
Z=5 
Avg. -23.41 -60.30 2.20 54.30 118.57 229.06 287.87 317.32 
Min. -26.82 -77.55 -17.21 34.26 95.56 194.49 244.35 269.16 
Max. -19.20 -40.03 27.10 83.03 151.20 270.44 341.34 389.09 
Min.-Max. -7.61 -37.52 9.89 48.76 55.65 75.95 96.99 119.93 
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Figure 5-37 (a) depicts the amplitudes of pressure fluctuations against frequencies for the 12 
monitoring points around the volute for these cases under consideration. It can be seen that in 
the volute the maximum pressure fluctuation amplitude for all monitoring points is at a BPF. 
However, the maximum pressure fluctuation amplitudes were at VP6 and VP9 as indicated in 
Table 5-18. The reason behind that is due to the location of these points being near the tongue 
region. In addition, at point PV4, the pressure fluctuation amplitude reaches the lowest point 
due to its location, far away from the volute tongue area. It can be observed that the maximum 
pressure fluctuation amplitude in the volute at points VP6 for Z=4 was lower than for Z=3 by 
45.25%, and for Z=5 is lower than for Z=4 by 15.58%. This happened due to the distance 
between blade to blade for Z=3 was higher than Z=4, hence that leads to the value of peak-to-
peak for Z=3 being higher than Z=4 by 22.86%, and for Z=4 being higher than Z=5 by 23.15%.  
 
(a)                                        Z=3                               (b) 
 
(a)                                        Z=4                               (b) 
 PREDICTION OF PERFORMANCE AND DETECTION OF CAVITATION USING CFD TECHNIQUE  
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
158 
 
 
(a)                                        Z=5                               (b) 
Figure 5-37: (a) Frequency spectra around the volute and (b) in the impeller under different 
number of blades 
Table 5-18: Maximum amplitude of static pressure fluctuations at the volute under different 
number of blades 
Z=3 
Frequency Maximum amplitude of pressure fluctuations for 12 monitoring points at the impeller (kPa) 
Hz VP1 VP2 VP3 VP4 VP5 VP6 VP7 VP8 VP9 VP10 VP11 VP12 
137.75 26.72 13.64 19.44 9.33 23.80 61.19 18.40 21.88 35.87 34.09 33.54 33.95 
Z=4 
Hz VP1 VP2 VP3 VP4 VP5 VP6 VP7 VP8 VP9 VP10 VP11 VP12 
188.91 11.69 13.32 5.29 4.82 4.92 33.50 10.28 10.95 19.15 17.18 17.12 17.01 
Z=5 
Hz VP1 VP2 VP3 VP4 VP5 VP6 VP7 VP8 VP9 VP10 VP11 VP12 
236.14 7.18 8.38 7.40 4.01 10.02 28.28 8.09 7.91 14.32 12.17 12.08 12.10 
Figure 5-37 (b) depicts obvious variations in the amplitudes of pressure fluctuations with 
frequencies for 8 monitoring points at the impeller under different number of blades. The first 
maximum amplitude of pressure fluctuations for entire points is at rotational frequency. Table 
5-19 summaries the amplitudes of pressure fluctuation at (Rf) in the impeller. It can be clearly 
seen that the amplitudes of pressure fluctuations increase as the distance along the radius of the 
impeller is increased. The pressure fluctuation amplitudes in the impeller are lower than in the 
volute. Additionally, it can be observed that the maximum amplitude pressure fluctuation on 
the impeller at point IP8 for Z=4 is lower than that for Z=3 by around 22.20%, and the 
maximum pressure fluctuation amplitude at the impeller for Z=4 is higher than for Z=5 by 
11.798%. This is because of the (max. pressure – min. pressure) value for the peak-to-peak for 
Z=3 is also higher than that for Z=4 and Z=5. 
Table 5-19: Maximum amplitude of static pressure fluctuations under different number of 
blades 
Z=3 
Frequency Maximum amplitude of pressure fluctuations for 8 monitoring points at the impeller (kPa) 
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Hz IP1 IP2 IP3 IP4 IP5 IP6 IP7 IP8 
45.92 3.80 8.33 8.33 13.84 18.19 25.00 33.81 42.19 
Z=4 
Hz IP1 IP2 IP3 IP4 IP5 IP6 IP7 IP8 
45.92 2.87 11.42 13.10 14.71 17.07 21.05 26.70 32.83 
Z=5 
Hz IP1 IP2 IP3 IP4 IP5 IP6 IP7 IP8 
47.23 2.28 11.53 12.67 13.28 14.55 19.60 19.60 28.96 
Figure 5-38 depicts the transient simulation of cavitation in the centrifugal pump having a flow 
rate of 300(l/min), do=220mm, di=35mm, N=2755rpm, and Z=1, 2, and 3 blades. It can be 
seen that there is no cavitation in case Z=3, and the vapour volume fractions zone within the 
impeller of the pump for Z=4, and 5 models are slightly higher than that of Z=3, due to these 
cases operate under flow rate of 300(l/min). 
   
   Z=3                                           Z=4                                          Z=5 
Figure 5-38: Volume fraction distributions for the pump under different number of blades 
For comparison purposes between the above models, Figure 5-39 (a) and (b) depict the 
instantaneous head of the aforementioned cases under single-phase and cavitation conditions. 
It can be clearly seen that for the model that has Z=5, the average head under single-phase and 
cavitation conditions are considerably higher than for the other two models Z=4 and Z=3 by 
11.09% and 2.64%, and under cavitation condition by 11.04% and 3.16% respectively. In 
comparison, between the models when Z=4 and Z=5, the maximum instantaneous head for Z=5 
is seen to be higher than that of Z=4. The results showed that as the number of impeller blades 
increases, the head of the centrifugal pump increases. 
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(a)                                                                          (b) 
Figure 5-39: Instantaneous head variations of centrifugal pump models having different 
number of blades (Z) under single-phase and cavitation conditions 
APPENDIX C presents the complete CFD results for single-phase and cavitation conditions. 
Figure 5-40 depicts some of these results. It can be seen that when the flow rate, pump 
rotational speed, inlet and outlet impeller diameters and are kept constant and number of 
impeller blades (Z) is increased, the average head of the pump increases under both single-
phase and cavitation conditions. Also, there is a slight difference between the head for both 
single-phase and cavitation under different number of impeller blades. The head for the single-
phase is slightly higher than the head for the cavitation condition by 1.02, 1.54, and 1.01% for 
when Z=3, 4, and 5 respectively. All of these cases under investigation were conducted under 
design flow rate of 300(l/min) and the level and severity of cavitation was found to be relatively 
small under this flow rate. In addition, the results showed that as the number of blades 
increases, the head of the pump increases. The maximum performance of the centrifugal pump 
corresponds with the optimum value of the number of blades (Z), which in the current study is 
five blades.  
Based on the findings in this thesis, it can be observed that the general behaviour of pressure 
fluctuations in time and frequency domains, as well as the head using CFD was in agreement 
with previous studies for different types of pumps [101, 145-147]. However, in the current 
study, comprehensive investigations on the global and local flow fields analysis and 
comparative investigations to estimate the effects of different geometrical parameters were 
carried out. Moreover, developing different semi empirical correlations for the head and power 
coefficients of the centrifugal pump under single-phase and cavitation at transient flow 
conditions were not carried out in most of these studies. 
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Further quantifying the performance of the pump, Table 5-20 provides the statistical analysis 
results of the instantaneous head such as the maximum, minimum, average, and (max–min) 
amplitude under single-phase and cavitation condition at different number of blades.  
Table 5-20: The statistical analysis results of the instantaneous head under single-phase and 
cavitation conditions at different number of blades 
Single-phase 
Head Z=3 Z=4 Z=5 
(m) 
Average 34.31  37.57  38.59  
Minimum 29.72  34.19  36.41  
Maximum 37.44  39.94  40.21  
Max - Min 7.72  5.75   3.79  
Cavitation condition 
Head Z=3 Z=4 Z=5 
(m) 
Average 33.96  36.99 38.20  
Minimum 30.38  34.52 36.39  
Maximum 36.69  38.91 39.71  
Max - Min 6.309  4.392 3.315  
 
Figure 5-40: Effect of number of impeller blades on performance of the centrifugal pump 
under single-phase and cavitation conditions 
The numerical results showed that as the number of impeller blade increases, static pressure 
also increases, hence, the pump head increases. Also, under different number of impeller 
blades, the low pressure region occurs at the inlet eye of the impeller, particularly at the suction 
side of blades near the leading edges. Also, when the blade number increases, it leads to the 
region of low-pressure area increasing, causing cavitation to increase due to the decrease in the 
low-pressure region at this particular area. Therefore, the number of impeller blade has a high 
influence on the pump characteristics and cavitation within the centrifugal pump. 
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 Detection of Cavitation under Different Number of Impeller Blades at Different 
Flow Rates 
Figure 5-41 depicts the vapour volume fraction variations under various flow rates namely 300, 
330, and 350(l/min). The number of impeller blades that have been used are 3, 4, and 5, inlet 
and outlet impeller diameters used are di=35mm, do=220mm, and N=2775rpm was the speed 
of operation. The numerical results found that the occurrence of cavitation changes with the 
number of impeller blades and flow rates. It can be seen that at 300(l/min) flow rate, there was 
no occurrence of cavitation at Z=3, but small cavitation occurs when the number of impeller 
blades goes up to Z=5. Also, cavitation initiates from the leading edge of the impeller and the 
magnitude of the cavitation increases as the number of impeller blades and flow rate increase. 
In addition, the length of the cavity is increased when low pressure at the inlet impeller (eye) 
decreases. The possible reason behind that is due to an increase in the number of impeller 
blades and flow rate, leading to pressure at the eye of impeller continually decreases. In 
addition, at Z=5 blades, cavitation was affected highly at the suction of the impeller compared 
to the number of blades at 4 and 3, especially at high flow rate. Furthermore, based on the 
above analysis, the numerical results showed that the number of blades and flow rates have a 
high effect on cavitation within a pump, particularly at the eye of impeller region. 
   
Q=300(l/min)                          Q=330(l/min)                             Q=350(l/min) 
Z=3 
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Q=300(l/min)                          Q=330(l/min)                             Q=350(l/min) 
Z=4 
   
Q=300(l/min)                          Q=330(l/min)                             Q=350(l/min) 
Z=5 
Figure 5-41: Volume fraction distributions for the centrifugal pump under different number 
of impeller blades and flow rates                                             
5.8.2. Effect of Outlet Impeller Diameter on the Performance of Centrifugal Pump 
under Single-Phase and Cavitation Conditions 
As seen in previous sections, the pump geometrical parameters have a high impact on flow 
field behaviour and performance of the pump under both single-phase and cavitation 
conditions. Therefore, in order to investigate the wide range of geometrical parameters in this 
section, the detailed analysis on the effect of outlet impeller diameter was carried out. In 
industry it is important to provide different impeller diameters. There are different reasons 
behind that, firstly in order to increase the capacity of the pump through impeller replacement. 
Secondly, for the pump to be reused for different applications. Thirdly, to increase the 
performance of the pump [144]. In order to analyse the effect of outlet impeller diameter (do) 
on the performance of the centrifugal pump three outlet impeller diameters (do), values of 
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200mm, 210mm and 220mm were selected, keeping flow rate at design flow rate 300(l/min), 
Z=5, di=35mm and N=2755rpm. APPENDIX C presents the results for different 
Computational Fluid Dynamics simulations based on investigations being carried out on the 
flow of the pump under various impeller outlet diameters.  
Figure 5-42 depicts the pressure variations within the centrifugal pump having a flow rate of 
300(l/min), Z=5, di=25mm, N=2755rpm, and do=200. 210, and 220mm. It can be observed 
that the pressure gradually increases from the inlet area to outlet, along the radius direction of 
the pump. For example, lower pressure occurred at the inlet of the impeller, whereas the 
maximum value of the static pressure occurred at the outlet of pump near tongue region. It is 
established from this figure that the value of static pressure of impeller blades on pressure 
surface is clearly greater than that on the suction surface. In addition, the lowest static pressure 
exists at the leading edge of blades at the inlet side of impeller. This pressure for do=210mm 
is considerably higher when compared to do=200mm by 16.84%. Furthermore, the maximum 
pressure for do=220mm is slightly higher than for do=210mm by around 0.02%.  
   
    do=200mm                      do=210mm                       do=220mm 
Figure 5-42: Static pressure variations of the pump under different outlet impeller diameters 
Figure 5-43 depicts that the flow velocity variations are increased at the pressure surface of the 
impeller’s blades, it then decreases within the volute. Velocity for do=210mm is seen to be 
slightly lower when compared with do=200mm by around 0.2%. Also, the maximum velocity 
for do=220mm is around 23.71m/sec.  
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do=200mm                     do=210mm                   do=220mm 
Figure 5-43: Velocity magnitude variations of the pump under different outlet impeller 
diameters 
Figure 5-44 (a) depicts the pressure fluctuations for 12 monitoring points for the centrifugal 
pump having flow rate of 300(l/min), Z=5, di=25mm, N=2755rpm, and do=200, 210, and 
220mm. It can be observed that there are five peaks and valleys with the same number of blades 
on the impeller. In addition, the pressure fluctuation at monitoring point VP6 is higher than 
other points and the minimum pressure fluctuation was noticed at VP3 as shown in Table 5-21. 
The pressure fluctuations curves for the outlet volute monitoring points VP10, VP11 and VP12 
have similar trends due to the flow in the volute outlet pipe having approximately the same 
velocity. It can be observed that the average pressure fluctuation in the volute at VP6 for 
do=210mm is higher than for do=200mm by 6.74%. Furthermore, the maximum pressure 
fluctuation in the volute at VP6 for do=220mm is higher than for do=210mm by 7.4%. 
Table 5-21: Statistical analysis results of the static pressure fluctuations at the volute under 
different outlet impeller diameters 
do=200mm 
Statistical  
features 
VP1 
(kPa) 
VP2 
(kPa) 
VP3 
(kPa) 
VP4 
(kPa) 
VP5 
(kPa) 
VP6 
(kPa) 
VP7 
(kPa) 
VP8 
(kPa) 
VP9 
(kPa) 
VP10 
(kPa) 
VP11 
(kPa) 
VP12 
(kPa) 
Avg. 320.49 309.17 294.69 295.74 329.49 349.13 329.50 343.86 330.43 324.05 318.29 318.21 
Min. 311.57 300.31 286.52 289.19 317.86 319.84 316.60 333.51 314.29 309.44 303.85 303.72 
Max. 328.33 317.74 302.33 302.91 344.49 379.94 347.41 353.77 344.01 336.56 330.69 330.62 
Min.-Max. 16.76 17.43 15.81 13.72 26.63 60.10 30.81 20.26 29.71 27.13 26.85 26.89 
do=210mm 
Avg. 374.00 358.48 336.51 329.29 363.56 382.85 344.02 388.13 386.16 379.97 374.57 374.69 
Min. 366.48 350.09 328.07 323.36 355.37 356.89 330.10 382.22 370.90 366.14 360.80 360.91 
Max. 381.33 367.00 344.15 335.39 372.22 407.41 358.80 393.10 399.24 392.16 386.59 386.75 
Min.-Max. 14.86 16.91 16.08 12.03 16.85 50.52 28.71 10.88 28.35 26.02 25.78 25.84 
do=220mm 
Avg. 369.70 350.33 322.53 313.93 364.85 394.42 378.02 383.24 381.27 378.05 371.49 371.76 
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Min. 357.29 335.36 307.42 303.65 342.15 348.26 356.29 363.89 354.11 356.54 350.08 350.31 
Max. 380.84 363.10 333.20 320.93 381.29 439.99 391.17 396.30 399.68 394.62 387.93 388.26 
Min.-Max. 23.55 27.74 25.78 17.28 39.14 91.73 34.88 32.41 45.57 38.07 37.85 37.94 
 
(a)                                        do=200mm                               (b) 
 
(a)                                        do=210mm                               (b) 
 
(a)                                        do=220mm                               (b) 
Figure 5-44: (a) Static pressure fluctuations around the volute and (b) at the impeller under 
different outlet impeller diameters 
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Figure 5-44 (b) depicts the pressure fluctuations along the angular location within the impeller. 
It can be seen that the pressure fluctuations in time domain are increased with distance along 
the radius of the impeller is increased, and the maximum pressure fluctuations at outlet impeller 
at points IP7, and IP8 are higher than that at other points as summarised in Table 5-22. The 
maximum pressure fluctuation in the impeller at IP8 for do=210mm is higher than for 
do=200mm by 12.48%. Furthermore, the pressure fluctuation in the volute at IP8 for 
do=220mm is higher than for do=210mm by 10.8%. 
Table 5-22: Summary of the statistical analysis results of the static pressure fluctuations at the 
impeller under different outlet impeller diameters 
do=200mm 
Statistical  
features 
IP1 
(kPa) 
IP2 
(kPa) 
IP3 
(kPa) 
IP4 
(kPa) 
IP5 
(kPa) 
IP6 
(kPa) 
IP7 
(kPa) 
IP8 
(kPa) 
Avg. -2.09 -57.36 3.92 57.39 121.93 207.68 243.31 269.75 
Min. -3.98 -71.42 -10.81 41.75 108.03 187.67 219.87 244.18 
Max. 0.52 -39.50 25.16 81.96 147.71 237.76 278.84 313.96 
Min.-Max. -3.46 -31.91 14.35 40.21 39.68 50.09 58.97 69.78 
do=210mm 
Avg. -3.73 -36.51 25.98 82.49 150.04 235.06 300.29 324.25 
Min. -5.44 -49.78 12.55 68.16 133.84 213.35 272.33 292.48 
Max. -1.90 -23.60 40.83 99.51 169.14 255.72 325.08 358.74 
Min.-Max. -1.71 -13.27 13.43 14.33 16.20 21.71 27.96 31.77 
do=220mm 
Avg. -4.13 -49.25 13.82 66.17 130.30 241.18 301.88 330.82 
Min. -6.02 -66.93 -4.27 48.09 109.42 206.02 258.40 282.68 
Max. -1.94 -29.33 37.26 93.78 160.48 279.64 352.21 398.98 
Min.-Max. -4.08 -37.60 32.99 45.69 51.06 73.63 93.81 116.29 
Figure 5-45 (a) depicts the pressure fluctuations amplitudes for all monitoring points in 
frequency domain. This figure shows the frequency spectrum at 12 monitoring points under 
design flow on the volute surface, under different outlet impeller diameters. The pressure 
fluctuations amplitudes at monitoring points near the tongue region are obviously higher than 
that at other positions in the volute. Also, the maximum pressure fluctuation amplitude for all 
monitoring points is at BPF 229.58Hz due to the number of impeller blades (Z) being five. The 
maximum pressure fluctuations are at VP6 and VP9 as shown in Table 5-23. The maximum 
pressure fluctuation for do=200mm is lower than for do=210mm by 41.58%. Furthermore, the 
maximum pressure fluctuation at the impeller for do=220mm is higher than two models, the 
reason behind this being there is a small clearance between impeller and volute for this model 
that leads to the pressure fluctuation amplitudes being higher than the other above models. 
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Table 5-23: Maximum amplitude of static pressure fluctuations at the volute under different 
outlet impeller diameters 
do=200mm 
Frequency Maximum amplitude of pressure fluctuations for 12 monitoring points at the impeller (kPa) 
Hz VP1 VP2 VP3 VP4 VP5 VP6 VP7 VP8 VP9 VP10 VP11 VP12 
229.58 7.05 7.75 6.84 5.60 11.21 27.97 14.27 7.39 13.49 12.13 12.03 12.05 
do=210mm 
Hz VP1 VP2 VP3 VP4 VP5 VP6 VP7 VP8 VP9 VP10 VP11 VP12 
229.58 4.58 6.63 4.86 3.25 4.65 16.34 9.85 2.55 8.98 8.22 8.14 8.15 
do=220mm 
Hz VP1 VP2 VP3 VP4 VP5 VP6 VP7 VP8 VP9 VP10 VP11 VP12 
229.58 9.92 11.83 10.73 5.95 14.30 40.52 12.13 12.13 20.25 17.09 16.93 16.95 
 
(a)                                        do=200mm                               (b) 
 
(a)                                        do=210mm                               (b) 
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(a)                                        do=220mm                               (b) 
Figure 5-45: (a) Frequency spectra along the volute and (b) at the impeller under different 
outlet impeller diameters 
Figure 5-45 (b) depicts frequency characteristics of pressure fluctuations for the impeller under 
different outlet impeller diameters. The first maximum amplitude of pressure fluctuations for 
all monitoring points is at rotational frequency 45.92Hz. It can be clearly seen from Table 5-24 
the amplitudes of pressure fluctuations were increased with radius of impeller increased. 
Furthermore, the pressure fluctuation amplitude of the first harmonic is clearly higher than that 
of other harmonics in the impeller. The maximum pressure fluctuation amplitude at the 
impeller for do=210mm is slightly higher than for do=200mm by around 1.9%. Furthermore, 
the maximum pressure amplitude fluctuation at the impeller for do=220mm is higher than 
do=210mm. 
Table 5-24: Maximum amplitude of static pressure fluctuations at the impeller under different 
outlet impeller diameters 
do=200mm 
Frequency Maximum amplitude of pressure fluctuations for 8 monitoring points at the impeller (kPa) 
Hz IP1 IP2 IP3 IP4 IP5 IP6 IP7 IP8 
45.92 2.11 14.68 15.39 18.69 16.07 18.75 22.49 25.07 
do=210mm 
Hz IP1 IP2 IP3 IP4 IP5 IP6 IP7 IP8 
45.92 1.62 12.01 12.12 13.27 15.08 18.20 22.41 25.56 
do=220mm 
Hz IP1 IP2 IP3 IP4 IP5 IP6 IP7 IP8 
45.92 1.10 11.72 11.88 12.08 12.41 19.04 28.12 28.12 
Figure 5-46 depicts the vapour volume fraction on the pump’s impeller and it can clearly be 
seen that the vapour volume fraction for do=200mm was very slightly small at the impeller 
blades channels and no cavitation occurred for two cases do=210 and 220mm, due to these 
cases operated under flow rate of 300(l/min). 
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do=200mm                                 do=210mm                           do=220mm 
Figure 5-46: Volume fraction distributions of the pump under different outlet impeller 
diameters 
For comparison purposes between the above models under single-phase and cavitation 
conditions, Figure 5-47 (a) and (b) depict the instantaneous head for the cases mentioned above 
under single-phase and cavitation conditions on a single scale. It can be seen that the head is 
considerably higher for do=220mm than for when do=200mm for both single-phase and 
cavitation conditions. 
 
(a)                                                                              (b) 
Figure 5-47: Instantaneous head variations of centrifugal pump having different impeller 
outlet diameter under single-phase and cavitation conditions 
Figure 5-49 below depicts the effect of do, and APPENDIX C presents complete CFD results. 
As mentioned earlier in previous sections, when Z and di values are constant while the value 
of do increases, it can be seen that variances between peaks to valleys for this model 
(do=220mm) are considerably higher than the other two models. The common reason behind 
this is due to the fact that there is a small clearance between the impeller and the volute for the 
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model for when do=220mm, making the pressure fluctuations significantly higher when 
compared to the other two models. It can be observed that the two curves have the same trend 
as shown in Figure 5-48. The average head curve under cavitation condition is lower than for 
single-phase curve. In addition, there is no significant change on the head between when 
do=220mm and do=210mm for both single-phase and cavitation. However, the head for when 
do=220mm is higher than for when do=200mm under both single-phase and cavitation 
conditions by around 14.13% and 14.69%, as shown in this figure. It can also be seen that there 
is a slight difference between the head for both single-phase and cavitation under the different 
outlet impeller diameters (do). The head for the single-phase condition is slightly higher than 
for the cavitation condition. Due to the fact that all these cases under investigation were 
operating under flow rate of 300(l/min), very small cavitation has then occurred in the pump. 
Further quantifying the performance of the aforementioned centrifugal pump under single-
phase and cavitation conditions at different outlet impeller diameters. Table 5-25 shows the 
maximum, minimum, average, maximum, and (max – min) amplitude in the instantaneous 
head.  
Table 5-25: Statistical analysis of the centrifugal pump instantaneous head under single-phase 
and cavitation conditions under different outlet impeller diameters 
Single-phase 
Head do=200mm do=210mm do=220mm 
(m) 
Average 33.60  39.34  39.13 
Minimum 32.25  38.01 36.97 
Maximum 34.83  40.54  40.74 
Max - Min 2.57  2.54  3.77 
Cavitation condition 
Head do=200mm do=210mm do=220mm 
(m) 
Average 32.73  37.65  38.37  
Minimum 31.40  36.48  36.55  
Maximum 34.08  38.82  39.73  
Max - Min 2.680  2.338  3.174  
 PREDICTION OF PERFORMANCE AND DETECTION OF CAVITATION USING CFD TECHNIQUE  
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
172 
 
 
Figure 5-49: Effect of impeller outlet diameter on the performance of centrifugal pump under 
single-phase and cavitation condition 
 Detection of Cavitation under Different Outlet Impeller Diameters and Flow 
Rates 
Figure 5-50 depicts the vapour volume fraction variations under various flow rates namely 300, 
330, and 350(l/min). The outlet impeller diameters are 200mm, 210mm, and 220mm, inlet 
impeller diameters of di=25mm, and Z=5, and N=2775rpm for all cases under investigation. 
The numerical results showed that the occurrence of cavitation changes with outlet impeller 
diameters and flow rates. It can be seen that at 300 and 330(l/min) flow rates; there was very 
small occurrence of cavitation at different outlet impeller diameters. In addition, cavitation 
increases as the outlet impeller diameter and flow rate increase, starting from the inlet of the 
impeller close to the leading edge, under a different outlet impeller diameters and flow rates. 
The length of the cavity is increased with low pressure and at the inlet impeller decreased. The 
reason for this due to an increase in the outlet impeller diameters and flow rates, leading to 
pressure at the eye of impeller continually decreasing and as a result, the cavitation intensity 
will increase within a pump. In addition, at do=220mm blades, cavitation was affected at the 
suction of impeller compared to the different outlet impeller diameters at 210mm and 200mm, 
especially at high flow rate. It can be seen that as the low pressure decreases, the visual 
observation of the cavitation gradually increases with increase in the outlet impeller diameter. 
Based on the above analysis, the numerical results showed that the outlet impeller diameter and 
flow rate have a high effect on the development of cavitation within a pump, particularly at the 
eye of impeller region. 
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Q=300(l/min)                          Q=330(l/min)                             Q=350(l/min) 
do200Z5di25 
   
Q=300(l/min)                          Q=330(l/min)                             Q=350(l/min) 
do210Z5di25 
   
Q=300(l/min)                          Q=330(l/min)                             Q=350(l/min) 
do220Z5di25 
Figure 5-50: Volume fraction distributions for the pump under different outlet impeller 
diameters and flow rates 
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5.8.3. Effect of Inlet Impeller Diameter on the Performance of the Centrifugal Pump 
under Single-Phase and Cavitation Conditions 
In order to analyse the effect of the inlet impeller diameter (di) on the performance of the 
centrifugal pump under single-phase and cavitation conditions, three (di) values of 25mm, 
30mm, and 35mm were selected for this analysis purpose. The centrifugal pump flow rate is 
kept at 300(l/min), Z=3, do=210mm and N=2755rpm. APPENDIX C summarises the complete 
set of results. 
Figure 5-51 depicts the pressure variations within the centrifugal pump having a flow rate of 
300(l/min), Z=3, do=210mm, N=2755rpm, and di=25, 30, and 35mm. It can be observed that 
a high-pressure region exists between the impeller outlet and tongue volute area, as the pressure 
becomes lower at the inlet of the impeller. Furthermore, the pressure becomes comparatively 
low at the eye of the impeller when compared to the higher pressure at the impeller outlet 
section. Moreover, it can be noticed that the high-pressure for di=30mm is comparatively lower 
than when di=25mm by around 3.52%. Furthermore, the high-pressure for di=35mm is slightly 
lower than in the case for when di=30mm by 1.01%. This suggests that the average head output 
for this case will be slightly lower than for when di=35mm.  
   
   di=25mm                                di=30mm                              di=35mm 
Figure 5-51: Static pressure variations of the pump under different inlet impeller diameters 
Figure 5-52 depicts the velocity variations within the pump. It can be seen that the flow velocity 
is considerably high at the pressure side of blades due to the orientation of blades. The velocity 
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goes up to as high as 21.39m/sec for case (di=25mm). It can be seen that the flow velocity has 
no significant change in the velocity variations when compared with these cases.  
   
   di=25mm                                di=30mm                           di=35mm 
Figure 5-52: Velocity magnitude variations of the pump under different inlet impeller 
diameters 
Figure 5-53 (a) depicts the pressure fluctuations for 12 monitoring points at volute of the pump 
under different inlet impeller diameters. The trend for pressure fluctuations at all various 
monitoring points are almost the same. The pressure fluctuations show a cyclical variation 
pattern and appear in the form of a sine wave. It can be observed that there are three peaks and 
valleys, which is equal to the same number of blades on the impeller. In addition, the pressure 
fluctuation at monitoring points VP6 is higher than that at the rest of the points. The minimum 
pressure fluctuation was found at VP3 with a pressure as shown in Table 5-26 this point is not 
close to the tongue region. In comparison with the case of when di=25mm, the amplitude of 
maximum pressure fluctuations at the volute for when di=30 and 35mm were slightly lower 
than when di=25mm. 
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(a)                                        di=25mm                               (b) 
 
(a)                                        di=30mm                               (b) 
 
(a)                                        di=35mm                               (b) 
Figure 5-53: (a) Static pressure fluctuations in the volute and (b) At the impeller under 
different inlet impeller diameters 
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Table 5-26: Summarises statistical analysis results of the static pressure fluctuations at the 
volute under different inlet impeller diameters 
di=25mm 
Statistical  
features 
VP1 
(kPa) 
VP2 
(kPa) 
VP3 
(kPa) 
VP4 
(kPa) 
VP5 
(kPa) 
VP6 
(kPa) 
VP7 
(kPa) 
VP8 
(kPa) 
VP9 
(kPa) 
VP10 
(kPa) 
VP11 
(kPa) 
VP12 
(kPa) 
Avg. 335.45 322.38 306.96 307.95 340.65 355.35 326.77 349.98 346.49 339.68 333.12 333.63 
Min. 310.45 312.20 288.55 296.58 315.17 310.85 308.39 323.80 309.40 304.64 298.28 298.64 
Max. 358.10 334.21 325.03 321.19 357.70 416.98 360.30 363.39 374.27 367.76 360.91 361.67 
Min.-Max. 47.65 22.00 36.49 24.60 42.53 106.12 51.91 39.60 64.87 63.12 62.63 63.02 
di=30mm 
Avg. 321.77 308.69 293.19 294.09 326.82 341.71 313.09 336.33 326.02 326.02 319.49 319.99 
Min. 297.63 299.16 274.98 283.40 302.44 297.69 294.58 311.20 291.98 291.98 285.67 286.05 
Max. 344.70 320.37 311.31 307.51 342.99 402.12 345.38 349.51 354.03 354.03 347.38 348.02 
Min.-Max. 47.06 21.21 36.33 24.10 40.55 104.43 50.80 38.31 62.05 62.05 61.71 61.98 
di=35mm 
Avg. 319.20 306.15 290.32 291.26 323.53 338.58 309.31 332.89 330.39 323.54 317.08 317.56 
Min. 295.46 296.54 272.41 281.34 299.67 295.25 289.40 310.93 295.00 290.16 283.90 284.22 
Max. 341.53 317.42 307.91 303.32 339.30 398.13 342.23 346.39 357.67 350.99 344.43 345.06 
Min.-Max. 46.07 20.88 35.50 21.98 39.63 102.88 52.82 35.45 62.67 60.83 60.53 60.83 
Figure 5-53 (b) depicts the pressure fluctuations along the angular location at the impeller. The 
maximum pressure fluctuations were at the impeller outlet for points IP7 and IP8, which were 
higher than the rest of points as summarised in Table 5-27. When di=25mm, the amplitude of 
the average pressure fluctuation at the impeller at IP8 for when di=30mm is lower than for 
when di=25mm by about 3.3%. In comparison with the previous model, the maximum pressure 
fluctuations at the impeller for when di=35mm has no significant change from that of the 
previous model. 
Table 5-27: Summarises statistical analysis results of the static pressure fluctuations at the 
impeller under different inlet impeller diameters 
di=25mm 
Statistical  
features 
IP1 
(kPa) 
IP2 
(kPa) 
IP3 
(kPa) 
IP4 
(kPa) 
IP5 
(kPa) 
IP6 
(kPa) 
IP7 
(kPa) 
IP8 
(kPa) 
Avg. 0.61 -21.87 12.82 88.56 183.44 246.11 292.06 313.30 
Min. -0.58 -25.23 3.77 76.90 167.79 223.13 262.20 281.16 
Max. 2.06 -19.18 20.03 98.49 196.75 271.22 335.52 371.53 
Min.-Max. 1.48 -6.05 16.26 21.59 28.95 48.09 73.32 90.37 
di=30mm 
Avg. -17.29 -33.61 -0.69 74.38 169.69 232.63 278.34 299.91 
Min. -19.29 -38.15 -11.24 60.97 152.12 208.87 247.02 266.71 
Max. -14.74 -29.71 7.61 85.24 184.03 258.45 322.78 359.24 
Min.-Max. -4.56 -8.44 -3.63 24.27 31.91 49.58 75.76 92.52 
di=35mm 
Avg. -28.59 -33.73 -3.94 70.14 165.08 228.68 275.29 296.48 
Min. -32.26 -38.56 -15.16 56.65 147.24 204.88 244.17 262.87 
Max. -23.18 -29.57 4.79 81.25 179.39 254.77 319.93 355.71 
Min.-Max. -9.08 -8.99 -10.37 24.60 32.15 49.88 75.76 92.84 
Figure 5-54 (a) depicts that the amplitudes of pressure fluctuations with their frequencies for 
12 monitoring points around the volute under different inlet impeller diameters. It can be 
noticed that the dominant frequency for the entire monitoring points is at the BPF, which is 
equal to 144.9Hz, due to the number of impeller blades used (three blades). However, the 
maximum pressure fluctuations amplitude at VP6 and VP9 as shown in Table 5-28. This is due 
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to locations of where these points are which near the tongue. In addition, at point VP2, the 
pressure fluctuation amplitude reaches its lowest, due to the location being far away from the 
volute tongue area. Additionally, the maximum pressure fluctuation amplitude at the volute for 
when di=30mm is lower than when di=25mm. In comparison with the case for when di=30mm, 
the maximum pressure fluctuation amplitude at the volute for when di=35mm is lower than the 
previous model by about 1.8%.  
Table 5-28: Maximum amplitude of static pressure fluctuations at the volute under different 
inlet impeller diameters 
di=25mm 
Frequency Maximum amplitude of pressure fluctuations for 12 monitoring points at the impeller (kPa) 
Hz VP1 VP2 VP3 VP4 VP5 VP6 VP7 VP8 VP9 VP10 VP11 VP12 
141.69 16.70 7.08 12.62 7.47 13.13 35.01 15.75 10.18 21.23 20.89 20.70 20.81 
di=30mm 
Hz VP1 VP2 VP3 VP4 VP5 VP6 VP7 VP8 VP9 VP10 VP11 VP12 
141.69 16.71 7.07 12.54 12.54 7.31 12.82 34.95 15.74 10.11 21.20 20.68 20.78 
di=35mm 
Hz VP1 VP2 VP3 VP4 VP5 VP6 VP7 VP8 VP9 VP10 VP11 VP12 
141.69 16.43 7.07 12.28 6.96 12.52 34.30 15.92 8.86 20.86 20.53 20.36 20.46 
 
(a)                                        di=25mm                               (b) 
 
(a)                                        di=30mm                               (b) 
 PREDICTION OF PERFORMANCE AND DETECTION OF CAVITATION USING CFD TECHNIQUE  
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
179 
 
 
(a)                                        di=35mm                               (b) 
Figure 5-54: (a) Frequency spectra around the volute  and (b) At the impeller under different 
inlet impeller diameters 
Figure 5-54 (b) shows the variances in the amplitudes of pressure fluctuation with frequencies 
for eight monitoring points at the impeller. The maximum pressure fluctuation amplitudes 
gradually increase from the inlet of the impeller to the outlet at the impeller flow passages. The 
first maximum amplitude of the pressure fluctuations for all points is at frequency 47.23Hz due 
to the rotation frequency (Rf) of impeller and is equal to (N/60). Table 5-29 summarises the 
amplitudes of pressure fluctuations at (Rf) in the impeller. In addition, it can be observed that 
the maximum pressure fluctuation amplitude at the impeller for when di=30mm is slightly 
lower than for when di=25mm by about 2.47%. In comparison, the results for maximum 
pressure fluctuation amplitude for di=30mm shows no significant change when compared to 
the previous case (di=30mm).  
Table 5-29: Maximum amplitude of static pressure fluctuations at the impeller under different 
inlet impeller diameters 
di=25mm 
Frequency Maximum amplitude of pressure fluctuations for 8 monitoring points at the impeller (kPa) 
Hz IP1 IP2 IP3 IP4 IP5 IP6 IP7 IP8 
47.23 0.75 1.90 4.72 6.22 7.71 10.69 15.28 20.06 
di=30mm 
Hz IP1 IP2 IP3 IP4 IP5 IP6 IP7 IP8 
47.23 1.31 2.36 5.32 6.65 8.70 11.20 15.86 20.57 
di=35mm 
Hz IP1 IP2 IP3 IP4 IP5 IP6 IP7 IP8 
47.23 2.67 2.67 5.78 6.85 8.86 11.30 15.83 20.52 
Figure 5-55 depicts the centrifugal pump under cavitation conditions. The pump used for this 
study has a flow rate of 300(l/min), Z=3, do=210mm N=2755rpm, and di=25, 30, and 35mm. 
It can be observed that there is very minimal cavitation zone occurrence at the inlet of the 
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impeller of the pump for di=25mm. The lowest pressure for this impeller happens close to the 
inlet. In this region, the vapour bubbles occur during the operation of the pump. Firstly, the 
vapour bubbles occur close to this area and then increase as the inlet pressure was reduced. 
However, in comparison cases di=30 and 35mm with di=25mm it can be seen that there was 
no cavitation occurred in these cases.  
   
di=25mm                                di=30mm                              di=35mm 
Figure 5-55: Volume fraction distributions for the pump under different inlet impeller 
diameters 
Figure 5-56 (a) and (b) depicts the instantaneous head of the aforementioned cases under single-
phase and cavitation conditions on a single scale for comparison purposes. It can be seen that 
for when di=25mm, the head is slightly higher than for the other two models under single-
phase and cavitation conditions. Therefore, it can be observed that as (di) increases, the head 
of the pump slightly decreases.  
 
Figure 5-56: Instantaneous head variations of centrifugal pump having different impeller 
outlet diameter under single-phase and cavitation conditions 
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The complete CFD outcomes were displayed in APPENDIX C. Figure 5-57 depicts the effect 
of impeller inlet diameter (di) on the performance pump under single-phase and cavitation 
conditions. It can be found that for a given Z and do, as di increases, the average head of the 
pump very slightly decreases under both single-phase and cavitation conditions. Also, there is 
a slight difference between the head for both single-phase and cavitation under different inlet 
impeller diameters and the head for single-phase is slightly higher than cavitation condition by 
1.97, 1.37, and 2.34% for di=25, 30, and 35mm respectively. The reason behind this is due to 
all the cases under investigation being operational under flow rate of 300(l/min) and under this 
flow rate cavitation in the pump was very small. 
For further quantification on the performance output of the aforementioned centrifugal pump, 
under different inlet impeller blades Table 5-30 shows the statistical analysis of the 
instantaneous head. 
Table 5-30: Statistical analysis of the instantaneous head of the pump under cavitation 
conditions at different inlet impeller diameters 
Single-phase 
Head di=25mm di=30mm di=35mm 
(m) 
Average 34.94  34.82  34.57  
Minimum 31.46  31.33  31.14  
Maximum 37.75  37.64  37.33  
Max - Min 6.28  6.30  6.18  
Cavitation condition 
Head di=25mm di=30mm di=35mm 
(m) 
Average 34.25  34.10  33.76  
Minimum 30.60  30.13  30.23  
Maximum 37.08  37.01  36.18  
Max - Min 6.480  6.863  5.94  
 
Figure 5-57: Effect of impeller inlet diameter  on performance of the centrifugal pump under 
single-phase and cavitation conditions 
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 Detection of Cavitation under Different Inlet Impeller Diameters and Flow 
Rates 
Figure 5-58 the vapour volume fraction variations distributions under various flow rates, 
namely 300, 330, and 350(l/min). The inlet impeller diameters are 25mm, 30mm, and 35mm, 
the number of impeller blades is three. The pump rotational speed was kept constant at 2775rpm 
for all cases under investigation. The numerical results showed that the occurrence of cavitation 
changes with different inlet impeller diameters and flow rates. It can be seen that at 300(l/min) 
flow rate, there was very small occurrence of cavitation at inlet impeller diameter di=25mm. 
In addition, cavitation slightly increases as the inlet impeller diameters and flow rate increase, 
starting from the inlet of impeller close to the leading edge, under different inlet impeller 
diameters and flow rates. Moreover, the length of the cavity is slightly increased with low 
pressure at the inlet impeller (eye) decreased. The possible reason is due to increase the inlet 
impeller diameters and flow rate, leading to the pressure at the eye of impeller continually 
decreasing and as a result, the cavitation will slightly increase within a pump. In addition, at 
do=35mm blades, cavitation was slightly affected at the suction of impeller compared to the 
different inlet impeller diameters at 25mm and 30mm. It can be seen that as the low pressure 
decreases, the small visual observation of the cavitation gradually increases with increase in 
the inlet impeller diameter.  
   
Q=300(l/min)                          Q=330(l/min)                             Q=350(l/min) 
di25Z3do210 
 PREDICTION OF PERFORMANCE AND DETECTION OF CAVITATION USING CFD TECHNIQUE  
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
183 
 
   
Q=300(l/min)                          Q=330(l/min)                             Q=350(l/min) 
di30Z3do210 
   
Q=300(l/min)                          Q=330(l/min)                             Q=350(l/min) 
di35Z3do210 
Figure 5-58: Volume fraction distributions for the pump under different inlet impeller 
diameters and flow rates 
5.9. Expression for Head and Power Coefficients (CH) and (CP) Based on Impeller 
Geometrical Parameters 
Detailed analysis into the influence of the impeller geometrical parameters on the performance 
of a centrifugal pump were carried out in the previous sections, where for practical purposes, 
the range for the impeller geometrical parameters was limited. The trends showed that increase 
in the number of impeller blades (Z) enhances the performance of a centrifugal pump whilst 
decrease in the inlet impeller diameter (di) slightly increases the head of the pump. 
In order to quantify these outcomes in the centrifugal pump, multiple regression investigations 
were carried out and the results gained from CFD simulations. The three geometrical variables 
involved in this study are the number of impeller blades (Z), inlet and outlet impeller diameters 
(di and do), while the output target parameter was selected as the head and power coefficients 
 PREDICTION OF PERFORMANCE AND DETECTION OF CAVITATION USING CFD TECHNIQUE  
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
184 
 
of the pump. The head and power coefficients can be represented with regards to the impeller 
geometrical parameter of the pump as following:  
                                                      CH = f (Z, do, di)                                                   (5-3) 
                                                      CP = f (Z, do, di)                                                    (5-4) 
The author is not aware of any published papers in previous literature review in which such an 
expression was developed in centrifugal pump under single-phase and cavitation conditions. 
From CFD simulations results under single-phase conditions summarised in APPENDIX C, 
multiple regression analysis was performed and the following equations for the head and power 
coefficients of the pump were developed: 
                                 𝐶𝐻 = 
115.21 𝑔 (
𝑑𝑜
𝑑𝑖
)−0.940 Z0.1971 
 ω2 𝑑𝑖  
                                     (5-5) 
                            𝐶𝑃 = 
686.8  (
𝑑𝑜 𝑍
𝑑𝑖
)−0.876 (
𝑑𝑖 𝑍
𝑑𝑜
)−0.0658 𝑃𝑎𝑣𝑔 𝑍 
𝜌 ω3 𝑑𝑜4 𝑑𝑖  
                          (5-6) 
Furthermore, under cavitation conditions the head and power coefficients of the pump were 
also developed: 
                               C𝐻 = 
112.65 𝑔 (
𝑑𝑜
𝑑𝑖
)−0.9205 Z0.165  
ω2𝑑𝑖  
                                      (5-7) 
                        𝐶𝑃 = 
618.2  (
𝑑𝑜 𝑍
𝑑𝑖
)−0.849 (
𝑑𝑖 𝑍
𝑑𝑜
)−0.0575 𝑃𝑎𝑣𝑔 𝑍 
 𝜌 ω3 𝑑𝑜4 𝑑𝑖  
                               (5-8) 
The above equations can be formulated to calculate the head and power coefficients for 
different configurations of the centrifugal pump. In order to validate these equations, they were 
compared with the results summarised in APPENDIX C. The accuracy of the head and power 
coefficients were more than 90% and 83%. The error was within ±10% and ±17%. The proper 
reasons for these errors could be attributed due to the numerical diffusion within the solver 
(numerical errors–iterative convergence errors), or due to the mechanical losses occurring in 
the pump which is caused by the contact between the shaft and bearings and between the shaft 
and seal. Also, the losses that occurs in the pump, which is due to the gap between the volute 
and impeller. In addition, hydraulic losses, which is an important loss, caused by friction losses, 
vortexes, and separation due to change in flow direction that happens at the passages of the 
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impeller. Moreover, the geometry and flow field within the pump are very complex and fully 
turbulent, with complex impeller blade curvature, which has considerable effect on the flow 
field developed either within the blade passages or inside the volute. Furthermore, due to 
statistical reasons like scattered data that might be a result to numerical calculations. 
5.10. Summary of the Analysis of a Centrifugal Pump under Single-phase, Cavitation 
Conditions and Different Impeller Geometrical Parameters   
Detailed flow diagnostics within the centrifugal under single-phase and cavitation conditions 
and effect of different impeller geometrical parameters showed the following results: 
1- The pressure gradually increases from inlet to outlet impeller of the pump. Pressure at the 
impeller outlet is higher than the pressure at other parts of the impeller when the impeller 
rotates close to the tongue region of the volute.  
2- The velocity gradually increases from the inlet to outlet impeller of the pump also. The 
high velocity occurs at the outlet of the impeller close to the tongue region. 
3- The instantaneous head’s waveform is almost uniform at a particular rotational speed.  
4- The highest peaks in the pump’s instantaneous head occur due to two important reasons, 
when the tongue area is approximately in-between the two impeller blades, and when one 
impeller blade has passed the tongue region and the other blade is approaching it.  
5- The interaction between impeller and volute tongue region is actually according to the 
relative position of the impeller blades with respect to tongue region. 
6- The pressure variations within a centrifugal pump increase as the rotational impeller speed 
is increased. 
7- There are two dominant frequencies, the rotational frequency (Rf), and Blade Passing 
Frequency (BPF) and their related harmonics. 
8- The cavitation phenomenon within a centrifugal pump occurs at the low-pressure region 
at the eye of impeller near the blade leading edges. 
9- The numerical results showed that the distribution of volume fraction within a pump first 
occurs at the inlet eye of the impeller close to the leading blade.  
10- This study concludes that the cavitation on the impeller can be classified into four levels 
(no cavitation, inception, development, and fully development of cavitation). 
11- The results show that the cavitation in the pump increases as pump rotational speed 
increases. 
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12- The results show that as the number of impeller blades increases, the head of the centrifugal 
pump increases as well as the occurrence of cavitation also increases. 
13- The head is considerably higher for when do=220mm than for when do=200mm for both 
single-phase and cavitation conditions. Moreover, when the outlet impeller diameter 
increases the occurrence of cavitation also increases. 
14- When the inlet impeller (di) increases, the head of the centrifugal pump slightly decreases 
as well as the occurrence of cavitation also slightly increases. 
15- CFD can be a useful tool to predict and analyse the outcome characteristics and 
performance of the centrifugal pump with reasonable accuracy under single-phase and 
cavitation conditions.  
16- The detailed investigations of cavitation characteristics were presented in this study in 
order to provide useful information and guidance regarding the inception and development 
of cavitation within the centrifugal pump. 
Based on previous analysis, the numerical results using CFD technique has provided detailed 
information with regards to analysing the flow field behaviour and predict pump performance, 
as well as cavitation detection under a different range of operating conditions. However, in 
order to increase in the reliability of cavitation detection in the pump. The use of different 
techniques using CFD, vibration and acoustic investigation techniques can provide a more 
robust detection of cavitation within a pump. Hence, study and detection of cavitation 
experimentally has become a significant aspect in pumps to give better understanding and 
provide confident and reliable results. Moreover, the experimental results allow us to 
understand the relationships between the occurrences and development of cavitation with 
vibration and acoustic signals.  In order to study the cavitation in the pump in a real world 
scenario, data experimental techniques, using vibration and acoustic investigations in the next 
chapters can be further compared with the CFD technique as a basis for developing a 
comparison system between the different techniques for detecting and diagnosing different 
levels of cavitation within a centrifugal pump. Attempts would be made to find the most 
effectiveof these techniques in order to increase the accuracy and reliability of detection of 
cavitation within a centrifugal pump under wide a range of operating conditions.
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CHAPTER 6 
6 PREDICTION OF CAVITATION WITHIN A CENTRIFUGAL PUMP 
USING VIBRATION ANALYSIS TECHNIQUE 
 
 
 
Cavitation is a problem that occurs in any pump and contributes highly towards the 
deterioration in the performance of the pump. In industrial applications, it is vital to detect and 
decrease the effect of cavitation in pumps. After obtaining detailed information regarding the 
pump performance and the effect of cavitation occurrence within a centrifugal pump using 
CFD technique as in the previous chapter, achieving some of the other research aims would 
lead to increase the reliability of cavitation detection in the pump. The use of various 
techniques, such as vibration and acoustic analyses, can provide a more robust detection of 
cavitation in the pump. In this chapter therefore, focus is on detecting and diagnosing the 
cavitation using vibration technique. The results obtained for vibration signal in time and 
frequency domains were analysed in order to achieve a better understanding regarding 
detection of cavitation. The effects of different operating conditions related to the cavitation 
were investigated in this chapter using different statistical features in time domain. Moreover, 
FFT technique for frequency domain was also applied.   
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6.1. Diagnosis of Cavitation within the Centrifugal Pump using Vibration Analysis 
Technique 
In the current study, various experimental measurement techniques such as vibration, acoustic 
(sound) and pressure, based on different pump operation conditions, were used in order to 
simultaneously find the relationship between vibration and acoustic signals. This is for the 
purpose of detecting cavitation within the centrifugal pump. In this chapter, the sources of 
pump vibration during different operational conditions were evaluated. Further to this, 
explanations of how the inception and development of cavitation influences the pump vibration 
level were provided. The chapter includes the analysis of vibration signals in the time domain 
format using time wave form analysis (TWFA), followed by various statistical features to 
predict and diagnose cavitation under various operating conditions. For further analysis on the 
characteristic of cavitation inside the pump, the vibration signal in time domain is converted to 
frequency domain by employing the Fast Fourier Transform technique. This is for the purpose 
of predicting cavitation. This chapter further focuses on analysing the vibration signal in 
frequency domain based on different range of frequencies. Furthermore, analyses on the 
vibration amplitude in frequency domain by using different features, such as mean and RMS 
on the vibration amplitude values were also carried out. This analysis is essential in order to 
obtain a better understanding and gain more information regarding the detection of the 
occurrence of cavitation for various frequency ranges and hence, finding the sensitive 
frequency range for predicting cavitation. 
6.2. Vibration Sources in the Centrifugal Pump  
The vibration in centrifugal pumps might occur from various types of sources, comprising of 
hydraulic and mechanical excitation forces. These results in an increase in vibration levels that 
may decrease the performance of the pump and lead to damage in the pump parts, such as the 
impeller and volute. This also leads to a decrease in pumps bearing life and seal failures [15, 
18]. Measurements of vibration in centrifugal pump can be utilised for several applications, 
including quality control and condition monitoring investigations and also for research 
development. Vibration in pumps have two central sources, the first one is hydraulic and the 
second is mechanical. The next section will explain these types of vibration sources [18]. 
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6.2.1. The Vibration Occurrence from Hydraulic Sources in the Centrifugal Pump 
Vibration in centrifugal pumps occurs as a result of several operational issues including flow 
distribution at high velocity, interaction between the rotating part such as the impeller, and the 
stationary part (e.g. volute). Furthermore, hydraulic sources of vibration in a pump includes 
blades passing forces, hydraulic imbalance, recirculation flow, cavitation, system instabilities, 
water hammer and so on [15]. 
6.2.2. The Vibration Occurrence from Mechanical Sources in the Centrifugal Pump 
As described in the experimental setup in Chapter four, the pumping system comprises of 
several parts. This pumping system includes the centrifugal pump, an electrical motor and its 
related flow loop piping system, such as pipes, elbows, fittings and valves. There are various 
kinds of physical processes that create vibration within a pump, such as hydraulic interaction 
with the piping system, improper installation or maintenance, application for the pump, 
manufacturing designs and different types of faults [148]. Typically, the mechanical vibration 
sources in the pump generates from several sources such as pressure fluctuations created in the 
fluid, imbalance, misalignment between shafts connections and damaged bearings [149]. Other 
mechanical sources include; mechanical forces, improper usage of the pump as provided in the 
installation manual and the conditions emerging from the pump incorrect assembly, and also 
from wear [15]. 
6.2.3. Cavitation as another Important Source of Vibration in the Centrifugal Pump   
As mentioned in Chapter one, when cavitation occurs in the different types of machines (e.g. 
propellers, turbines and various kinds of pumps), it leads to drop in pressure, particularly at the 
eye of impeller. As a result, it leads to an increase in the level of noise and vibration, which 
causes an increase in pressure fluctuations within a pump [15]. When cavitation starts to occur 
within the pump, the formation of bubbles takes place. As cavitation continues, the bubbles 
collapse close to the surface of the impeller, which eventually erodes the impeller and causes 
pitting on the surface of the impeller and volute. Since the formation and collapse of bubbles 
happens randomly, the inception and development of cavitation can cause high noise and 
vibration [15].  
Over the last decade, there was an increasing interest in using condition monitoring methods 
for detecting cavitation. There are several reasons behind choosing this method as it decreases 
the costs of machines maintenance resulting in increased productivity and safety in industry. 
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In this chapter, the vibration signal will be analysed as it is an important technique in condition 
monitoring for the centrifugal pump in order to predict the inception and development of 
cavitation occurrence. For this experimental work, in order to study the wide range of 
operational conditions and also to detect the different levels of cavitation, the centrifugal pump 
was subjected to various flow rates, pump rotational speeds, decrease in the suction valve 
openings and also air injection at the suction side of the pump. The flow rate was changed by 
throttling the ball valve at the discharge pump side and then being adjusted step by step. 
Furthermore, the analysis of vibration signals under the different operation conditions, 
aforementioned, using both time and frequency domains are performed using MATLAB code 
in the next sections. 
6.3. Effect of Various Flow Rates to Predict the Performance and Cavitation within a 
Centrifugal Pump  
For analysis purposes, the effects of various flow rates on the pump performance and to predict 
cavitation were investigated in this section. The pump was operated experimentally at different 
flow rates as summarised in Table 6-1. Keeping pump rotational speed N=2755rpm constant 
corresponding to 0.95Nd where Nd represented the design pump rotational speed and it is equal 
2900rpm. The reason behind choosing this particular pump speed for analysis purposes is 
because of the maximum pump rotation speed for this experimental setup was 0.95 of Nd. Also 
in this section, the same operating conditions as used in the previous chapter, were chosen for 
comparison purposes between the results from CFD and the experimental results, in order to 
validate both results as shown in section 5.2.4. The complete set of results can be seen in this 
chapter.  
Table 6-1 Range of flow rate for the pump under N=2755rpm 
Flow rate (l/min) 
378 370 365 362 352 342 331 320 310 302 276 252 227 200 177 152 103 
6.3.1. Performance Output of the Centrifugal Pump  
One key aim in this experimental study is to calculate the pump head. Therefore, several 
experimental measurements were conducted to find the pump performance under various 
operation conditions. The suction and discharge pressure signals of the pump can be obtained 
through the use of two pressure transducers at suction and discharge sides of the pump. The 
data includes pressure signals and calculated heads are processed through use of MATLAB 
code as shown in next section.  
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6.3.2. Analysis on the Instantaneous Outlet Pressure of the Centrifugal Pump under 
Various Flow Rates 
Figure 6-1 depicts the raw data of the instantaneous outlet pressure from the centrifugal pump 
in time domain, under different flow rates starting from 103(l/min) to 378(l/min) with N= 
2755rpm. It can be seen also that the instantaneous outlet pressure signals changes as the flow 
rate changes. The magnitude of the pressure decreases with increases in flow rate. The possible 
reasons are due to the hydraulic and mechanical losses as well as the effect of the occurrence 
of cavitation leading to causing more unstable flow within the pump. However, it can be 
observed that these changes in the instantaneous outlet pressure do not provide a clear picture 
regarding the detection of cavitation in the pump. Therefore, further investigations are required 
to detect cavitation using different statistical features in order to analyse the instantaneous 
outlet pressure signals in time domain in the next section.  
 
Figure 6-1: Instantaneous outlet pressure of the pump under different flow rates and N= 
2755rpm 
As mentioned earlier in the previous figure, time domain was used to analyse the raw data of 
the instantaneous outlet pressure signals under various flow rates using different statistical 
features. Figure 6-2 depicts the trend of peak, mean, minimum and RMS features for the outlet 
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pressure signals under different flow rates from 103(l/min) to 378(l/min) with N=2755rpm. It 
is evident that trends of all above mentioned features are decreased with increased flow rate 
due to the same reasons as given above. Also, the trend of these features rapidly decreases 
when the pump operates at a flow rate higher than 350(l/min). The reasons for this are due to 
the high interaction between impeller and volute and due to the occurrence and development 
of cavitation within a pump. 
 
Figure 6-2: Trend of the peak, mean, minimum, and RMS features of the outlet pressure 
signals under different flow rates  
6.3.3. Calculation of the Head and NPSH of the Centrifugal Pump under Various Flow 
Rates 
Figure 6-3 depicts the measurements of the pump head under various flow rates which was also 
summarised in Table 6-1 for N= 2755rpm. It can be observed that the head gradually decreases 
when flow rate increases. The head changes in a periodic manner as the pressure changes in 
the pump. There are three main possible reasons for this, the first being the high interaction 
between the impeller and tongue volute region which is generated by the impeller rotational 
speed. The second reason is related to the non-uniform distribution of pressure in the volute 
due to the asymmetrical cross-section area of the volute, and finally, the important reason, is 
the occurrence of inception and development of cavitation. It can also be seen from this figure 
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that when the pump operates under high flow rate, it leads to a decrease in the head within the 
pump and then also leads to reduction in pressure at the inlet eye of the impeller below the 
water vapour pressure. This results in cavitation which will develop in the pump when the flow 
rate is increased. Further investigation also shows that the head rapidly decreases when the 
pump operates at flow rate higher than 350(l/min). The reason being the occurrence of 
cavitation. However, this phenomenon will be analysed and then discussed in details in this 
chapter using the vibration technique.  
 
Figure 6-3: Head of the centrifugal pump at N= 2755rpm 
The effect of cavitation on the performance of the centrifugal pump under different operation 
conditions will be discussed. Such conditions include various flow rates, different pump 
rotational speeds, various suction valve openings and air injection. It is important to first 
calculate the NPSH of the pump under different flow rates. The cavitation characteristics of the 
centrifugal pump that are an important part of this study are plotted in Figure 6-4. This figure 
depicts the NPSHA and NPSHR against different flow rates [150]. For this purpose, the pump 
flow rate can be changed through progressively throttling the discharge valve and then keeping 
the suction valve open at 100% and keeping N= 2755rpm. The experimental data for the H-
NPSHR curve for the centrifugal pump was provided by the manufacturer (Pedrollo company 
pump model F32/200H).  
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Figure 6-4: The cavitation characteristics of the centrifugal pump under different flow rates 
From this figure, the different regions of cavitation are quite apparent. The first one being when 
the pump works under low flow rate, resulting in no cavitation to occur in this region. At this 
point, the NPSHA is higher than the NPSHR. For the second region, the flow rate is higher 
than 350(l/min) and in this region, cavitation begins to occur in the pump where the inter-
section between the two curves for NPSHA and NPSHR already occurred. This means the 
development of cavitation starts at this point. The third important region is when cavitation 
within the pump starts to increase as the flow rate increases more than 350(l/min) due to 
decrease in the pressure at the eye of the impeller, hence, at this point, the NPSHA becomes 
smaller than the NPSHR. Also, it can be seen from this figure that cavitation has occurred at 
flow rate between higher design flow rate range of 300(l/min) and 350(l/min). It is also worth 
noting that these experimental results are in agreement with that of the CFD result in Chapter 
five for detecting cavitation in the pump. Furthermore, based on the above results regarding 
the relationship between the NPSHA and NPSHR. It can be seen that the values of NPSHA 
and NPSHR have a high effect on the performance of the pump. 
In this study, investigations and discussions regarding the performance of the centrifugal pump 
under cavitation conditions were carried out using vibration technique. The details of the 
influences of various experimental operating conditions are discussed and analysed in details 
in the following sub section. 
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6.3.4. Predicting Cavitation within a Centrifugal Pump using Vibration technique under 
Various Flow Rates 
In this research, an attempt was made to investigate the pump behaviour under the effect of 
normal operating and cavitation conditions, through the application of vibration technique. This 
technique necessitates particular sensors such as an accelerometer and accurate signal 
evaluation processing technique in order to analyse the vibration signal related to the cavitation 
condition within a pump under different operating conditions. Results corresponding to the 
vibration signal under various flow rates, through calculations and analysis of the signal 
amplitude in time and frequency domains within the pump, were presented to predict 
cavitation. Simultaneous evaluation of the different experimental measurements based on 
normal operation (without cavitation) and cavitation conditions were performed using 
MATLAB code. These signals are sampled, collected and saved through the use of dynamic 
data acquisition and analysis system model YE7600 from Global Sensor Technology.  
During each experimental test, for the vibration signal sampling process, the pump rotation 
speed was kept constant at the different flow rates. In these experimental measurements, each 
experimental test was repeated at least 3 times. In order to obtain and provide more reliable 
consistent data sets, collecting and repeating each operation test helps to comprehend the 
characteristics of the vibration signals. Hence, acquire more dependable diagnostic features for 
predicting cavitation within the pump. This study collects and then analyses the vibration 
signals under various flow rates as summarised in Table 6-1. At the input, the voltage signal 
obtained from the accelerometer was collected then sampled at 96kHz in the data acquisition 
system. Furthermore, the numbers of data points in each of these experimental measurements 
were equal to 2880000 points. In order to measure vibration in the system, an accelerometer 
was used as the most appropriate vibration sensor [151]. There are several reasons behind using 
this type of sensor. Firstly, it can be used for wider ranges of frequency. Secondly, it is easy to 
install on the machine. Thirdly, it is reliable for vibration measurement and finally, it can be 
used effectively to predict various conditions such as healthy or faulty equipment [20].  
Currently, there are many applications associated with pumps in industry. Therefore, condition 
monitoring in pumps has become a significant application as it can allow the extension of the 
life of the pump as well also decrease the cost of maintenance. In this research, a methodology 
was proposed for detecting the inception and development of cavitation. Figure 6-5 depicts the 
flow chart of this methodology used for the analysis of the vibration data for detecting 
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cavitation under a wide range of operation conditions. The methodology used in this research 
consists of different stages and the brief details of these experimental stages are as follows: 
 The first stage includes collecting the experimental raw vibration signals from the 
centrifugal pump under the different ranges of operating conditions. 
 Analysing the vibration signal based on time domain. Firstly, to compare the various raw 
vibration signals under the different operation conditions using the graph of the time wave 
form analysis (TWFA). Secondly, is to analyse the vibration signal using different statistical 
features such as peak, RMS, peak-to-peak and variance values.   
 Detect various levels of cavitation (no cavitation, inception, development and full 
development of cavitation) within a pump by using the above features.  
 Compare between the above mentioned features to find the sensitive feature in order to 
detect different levels of cavitation. 
 Analyse the vibration signals based on frequency domain using FFT technique. Firstly, 
analyse the raw vibration signal based on various frequency ranges (low and high frequency 
ranges). 
 Find the sensitive frequency range for detecting different levels of cavitation in the pump 
using waterfall figures to compare between vibration signals under different conditions. 
 Analysing the amplitude of the vibration signals under different frequency ranges and wide 
range of operating conditions based on frequency domain analysis using different statistical 
features such as mean and RMS vibration amplitudes.  
 Detect different levels of cavitation within a pump by using the above features.  
 Compare between the above features in order to find the sensitive frequency range in 
frequency domain and detect different levels of cavitation within a pump. 
The details of analysing the vibration data in time and frequency domains under different range 
of operation conditions and frequency ranges using above methodology, are presented in the 
next sections. 
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Figure 6-5: Flow chart analysis of vibration data processing 
6.3.5. The Vibration Signal Analysis Based on Time Domain (Wave Form) under 
Various Flow Rates 
The time wave form analysis (TWFA) of vibration acceleration signal was compared under 
normal and cavitation operating conditions. The experimental results were depicted and 
grouped based on different flow rates. Figure 6-6 depicts the relationship between the 
amplitude and time for the vibration wave form signals under various flow rates are listed in 
Table 6-1 at N=2755rpm. It can be seen that there are different levels of vibration amplitudes 
as the flow rate changes. For example, when the pump operates under the low range of flow 
rate such as between 152 and 302(l/min) the levels of vibration amplitudes are almost the same. 
It is also noticing that at a low range of flow rate the levels of vibration amplitudes are lower 
than that when the pump operates under high flow rate. However, at the high range of flow rate 
for example, from 331 to 352(l/min), the vibration levels began to increase. Obviously, at the 
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range of flow rate from 362 to 378(l/min), the values of vibration amplitudes rapidly increase. 
The results depict that the vibration amplitude increases when the flow rate increases. Two 
possible reasons can be considered for this phenomenon, one being due to the interaction 
between the impeller and volute tongue region. The second main reason is mostly due to the 
inception of cavitation-taking place at the high flow rate, which will develop when the flow 
rate is increased. In this case, the trend of the vibration amplitude was more random with high 
peaks when compared with normal operating conditions. The reason behind that is due to 
generate very small bubbles and these small bubbles collapse leading to change in the shape 
and amplitude of the vibration signals. It can be seen that the occurrence of cavitation is one 
key reason that causes instability in the flow in a pump. By comparing figures from (a) to (p), 
it can be concluded that vibration signals are sensitive to predicting cavitation.   
 
Figure 6-6: Analysis of the vibration signal in TWFA under various flow rates at N=2755rpm 
To extract useful features, statistical analysis is used in condition monitoring method, which 
depends strongly on the kind of signal under investigation. In order to obtain further 
information with regards to analyse the vibration signals. This section includes analysis of the 
vibration signal in time domain, through the use of various types of statistical features to obtain 
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a clear idea regarding how the vibration amplitude is changed under different flow rates, and 
to predict and diagnose the cavitation within a pump. 
6.3.6. Analysing of the Vibration Signal using Peak and RMS Features in Time Domain 
As mentioned earlier, to analyse the sample of vibration signals under various operation 
conditions, different statistical features of vibration signals were used in time domain including 
peak and RMS features. These features are a useful tool and widely used in condition 
monitoring by referring to the signal energy content. Figure 6-7 depicts the analysis of vibration 
signal for a centrifugal pump using the above statistical values. In order to detect the inception 
and development of cavitation conditions. Various types of operational conditions of flow 
rates, such as at low flow rate from 100 to 250(l/min), design flow rate at 300(l/min) and high 
flow rate from 320 to 378(l/min) have to be conducted whilst the pump rotational speed is kept 
constant at 2755rpm. It can be seen that from these figures there is a small indication of the 
variance in vibration level at flow rates below 350(l/min). However, at a flow rate above 
350(l/min), the vibration level witnesses a significant increase. The results showed that the 
same trend occurs for all the statistical features corresponding to the vibration signals under 
the different flow rates. The trend of all these statistical parameters rapidly increase when the 
centrifugal pump operates over flow rate of 350(l/min). One of the main reasons for this is 
because of the occurrence of cavitation at this particular flow rate. Also, pressure fluctuations 
reaching to the highest peak inside the pump this occur close to tongue region. It can be noticed 
that for a flow rate between 100 to 300 (l/min), the RMS value is lower than that of the peak 
values. This is due to the flow instabilities within the pump under high flow rates. It can also 
be noticed that the rapidly increase was earlier for the peak feature as compared to the RMS 
feature. The results depict that using peak and RMS features in time domain have the capability 
to predict cavitation in the pump. On this basis and from the above findings, it can be concluded 
that cavitation was the central problem behind the increase in the level of vibration. Hence, the 
vibration signal analysis in the time domain can be considered as an indication to first 
determine the pump's condition, in addition to when cavitation was occurred in the pump. 
Furthermore, the peak feature value was more sensitive as compared to RMS feature for 
detecting occurrence of cavitation. 
Different statistical parameters to monitor the trend of vibration amplitude, such as peak-to-
peak and variance values, can be used to predict cavitation as can be seen in the next section. 
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       (a) Peak                                                          (b) RMS 
Figure 6-7: Trend of (a) Peak and (b) RMS values of the vibration signal within the 
centrifugal pump at N=2755rpm 
6.3.7. Analysis of the Peak-to-Peak and Variance Values Based on Time Domain  
The relationship between the vibration level and various flow rates within a centrifugal pump 
can provide more information regarding the cavitation through the use of other different types 
of statistical features. For further analysis, the vibration signals in time domain in Figure 6-8 
depicts the peak-to-peak and variance features, under various flow rates, as summarised in 
Table 6-1, at N=2755rpm. It can clearly be seen that the values of peak-to-peak and variance 
have approximately the same trend as compared to trends of peak and RMS values as shown 
in Figure 6-7 above. It can be observed that there is no significant change in peak-to-peak and 
variance values when the centrifugal pump operates under low flow rate from 100 to 
300(l/min). Also, as seen at a flow rate beyond 350(l/min), the vibration amplitudes witnessed 
a rapid increase as shown in these figures. For comparison between different flow rates, the 
level of vibration amplitude was rapidly changed with the increase of the flow rate value, 
particularly in the flow rate from 350 to 378(l/min). When the pump operates at low flow rate, 
no cavitation occurred. Whereas, at high flow rate, inception of cavitation then begins to occur 
at the pump and as the flow rate increases continuously, cavitation also increases, leading to 
the pump working under a fully developed of cavitation. In other words, it can be seen that 
when the NPSHA is smaller than the NPSHR, that leads to cavitation occurrence as shown in 
Figure 6-4. It can also be observed that the peak-to-peak value increases rapidly when 
compared to the variance value. From the above findings, it can be concluded that the peak-to-
peak value was more sensitive as compared with variance value. Also, the result shows that the 
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use of statistical features such as peak-to-peak and variance values in order to analyse the 
vibration data in time domain acquired from experimental measurements, can be a suitable 
technique to identify the inception and development of cavitation in the pump under different 
operational conditions.  
Furthermore, the analysis of variation in the levels of vibration amplitude, within a centrifugal 
pump under different experimental measurements of flow rate in time domain agreed with 
characteristics of cavitation that was presented using the NPSH curve. 
    
(a) Peak-to-peak                                                 (b) Variance 
Figure 6-8: Trend of (a) Peak-to-peak and (b) Variance values of the vibration signal in the 
pump at N=2755rpm 
More investigations and understandings to predict and diagnose the inception and development 
of cavitation in the centrifugal pump are required. These features can be found through 
transforming and analysing vibration signals in the frequency domain by using FFT technique. 
The details of analysis of vibration data in frequency domain, under different range of flow 
rates and frequency ranges are presented and discussed in the next section. 
6.3.8. The Analysis of Vibration Signals Based on Frequency Domain under Various 
Flow Rates 
The cavitation in the pump can be identified by finding the variation in vibration signal 
amplitudes in frequency domain as discussed in detail in the next section. 
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6.3.9. The Analysis of Baseline Frequency in the Centrifugal Pump 
Figure 6-9 depicts the frequency of the vibration signals for the centrifugal pump under design 
flow rate of 300(l/min) and based on the range of frequency from 0Hz to 1kHz and N=2755rpm. 
It can be seen that the frequency range between 0Hz to 1kHz and the characteristics of the 
frequencies that occurred in the pump are due mostly to the periodicity in the flow within the 
pump. Due to the interaction between impeller blades and flow being pumped and high 
interaction between the impeller blades with stationary parts (e.g. the volute tongue region) as 
mentioned earlier. It can be observed that two main dominated frequencies were generated. 
Both ranges of dominated frequency are associated with the shaft rotating frequency (Rf), the 
blade passing frequency (BPF) and their harmonics. Also, the first rotational frequency under 
design flow rate has occurred at 45.91Hz and its second, third and fourth harmonics have 
occurred at 91.8, 137.7, and 183.6Hz respectively. In addition, the first blades passing 
frequency is taking place at 229.58Hz, and its second harmonic has occurred at 459.16Hz. It 
can be noticed that there are some additional frequencies and these frequencies are generated 
due different sources, such as the driving motor and the cooling fan that was used in order to 
cool the pump motor.  
 
Figure 6-9: Baseline frequency of vibration signal range from 0Hz to 1kHz at design flow 
rate at N=2755rpm 
Many researchers into pump applications have used high vibration frequency at a range higher 
than 20kHz to predict and diagnose any faults and failures [78, 79, 86, 90]. In this current study, 
an attempt was carried out to use and analyse low frequency range, less than 20kHz, for 
detecting cavitation. The important reason behind using the latter technique is to decrease the 
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cost of the accelerometer. The details of using this method in frequency domain under different 
flow rates, are presented in the next section. 
6.3.10. The Analysis of Vibration Signals Based on Frequency Domain under Various 
Flow Rates and Frequency Ranges 
To further investigation, frequency domain analysis was carried out in studying the effect of 
the different of the flow rates on the vibration amplitude. For this purpose, in the next section 
a three-dimensional figure was used. This figure allows comparison of more than one vibration 
amplitude signal in frequency domain allowing it to be illustrated how the vibration amplitude 
changes within the centrifugal pump under various operational conditions. For this purpose, in 
order to study the effect and sensitivity of using different frequency ranges and also to analyse 
and detect the inception and development of cavitation by using vibration signal in frequency 
domain. The frequency range is divided into four main parts to obtain an apparent conception 
concerning the dominant frequencies in the pump: The first part deals with a low range of 
frequency starting from 0Hz to 1kHz. The second part deals with the range of frequency starting 
from 1kHz to 2kHz, the third part starting from 2kHz to 10kHz and final part from 10kHz to 
15kHz as illustrated in the next section. 
6.3.11. Prediction of Cavitation within a Pump at Frequency Range from 0Hz to 2kHz 
Figure 6-10 depicts the three-dimensional figure of vibration signals in the frequency domain 
based on the different range of frequencies. The first one is at low range frequency (a) from 
0Hz to 1kHz and the second one (b) is at range of frequency between 1kHz and 2kHz under 
various flow rates and N= 2755rpm. It can be seen from both figures, there are small variances 
in the level of vibration amplitude in the pump when it is operating less than 300(l/min). 
However, it can be observed that there is a significant increased in the level of vibration 
amplitude when the pump is operated under flow rate higher than 350(l/min) for both range of 
frequencies from (0Hz-1kHz) to (1kHz-2kHz). One important reason is due to the occurrence 
of cavitation. Also it is observing that under flow rate higher than 350(l/min), the development 
of cavitation has already occurred. The dominated frequencies for both frequency ranges are 
associated with the shaft rotating frequency, BPF and their harmonics.  
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       (a)                                                                         (b) 
Figure 6-10: Vibration signal in frequency domain under various flow rates and the frequency 
range from (a) 0Hz-1kHz to (b) 1kHz-2kHz at 2755rpm 
6.3.12. Prediction of Cavitation within a Pump at Frequency Range from 2Hz to 15kHz 
Figure 6-11 depicts the three-dimension vibration signal in frequency domain and the 
frequency ranges are from (a) 2Hz to10kHz and (b) 10kHz to 15kHz, under various flow rates 
and the N=2755rpm. It can be seen that these range of frequencies have the same trends as 
compared to previous figures for level of vibration amplitude. However, the vibration 
amplitude increases when the flow rate increases. It is also observing that the vibration 
amplitudes under high flow rates have much higher intensities as compared to the low flow 
rate due to the inception of cavitation at the flow rate lower than 350(l/min). After the inception 
of cavitation has occurred, variations in the level of vibration amplitude increase as flow rate 
increases. When the cavitation increases continuously, it means the pump is operating under 
conditions that the cavitation was developed fully, leading to the level of increased amplitudes 
in the vibration signal, particularly under higher flow rates. It can be observed that high-
frequency range was more sensitive for detecting cavitation, particularly at high flow rate, as 
compared to low-frequency range. 
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       (a)                                                                              (b) 
Figure 6-11: Vibration signal in frequency domain under various flow rates and the frequency 
range from (a) 2Hz-10kHz to (b) 10kHz-15kHz at 2755rpm 
From the above findings, it can be concluded that when the flow rate increases, the vibration 
amplitude also increases. This has led to the provision of a good indication as to when 
cavitation occurs within the pump.  
It can be seen that from above figures, the range of frequency 10kHz-15Hz was more sensitive 
to detect cavitation within a pump as compared to the other range of frequencies. However, it 
can be observed that the range of frequency 1kHz-2Hz was also sensitive to detect cavitation. 
The results showed that the vibration, within a centrifugal pump, are due to the occurrence of 
cavitation that characteristically causes increase in the level of vibration amplitude, which can 
be noticed under the different range of frequencies between 0 to 15kHz. 
6.3.13. Analysis of the Vibration Amplitude in Frequency Domain using Different 
Statistical Features 
As shown in the previous section, 3-D figures are used in order to analyse the level of vibration 
amplitude based on different range of frequencies. It can provide more knowledge regarding 
the inception and development of cavitation in the pump. However, during this experimental 
work, analysis of the vibration signal based on the frequency domain also helps to detect 
cavitation within a pump. Moreover, comparing the vibration amplitude under various 
operation conditions helps to match the variations in the level of vibration amplitude with the 
different characteristics of cavitation of the pump. This section includes analyses of the 
vibration amplitude signal in frequency domain, by using different statistical features such as 
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mean and RMS vibration amplitude. For comparison purposes in this study, the vibration under 
different range of frequencies will be analysed during the investigation in order to find the 
sensitive range of frequency to detect cavitation. 
6.3.14. Analysis of the Vibration Amplitude in Frequency Domain using Mean Vibration 
Amplitude Feature  
Figure 6-12 depicts the analysis of vibration signal using mean vibration amplitude value for 
various range of frequencies namely (0Hz–1kHz), (1kHz–2kHz), (2kHz–10kHz), and (10kHz–
15kHz)  respectively, under operational conditions, including flow rate as summarised in Table 
6-1, and N= 2755rpm. The same trend can be seen in the vibration amplitude under both low 
and high range of frequencies. The minimum vibration amplitude occurs at low flow rate less 
than the design flow rate 300(l/min). No significant change in the level of vibration amplitude 
at this operation occurs. However, the results showed that a rapid increase in the level of 
vibration amplitude for the high flow rate which is higher than design flow rate that is in excess 
of 350(l/min). This increase occurred due to the fact that NPSHR was higher when compared 
to the NPSHA. These results show a good agreement with the results obtained from the 
previous section. It can therefore be concluded that the level of vibration amplitude provides a 
good indication to predict and diagnose cavitation in the pump.  
 
Figure 6-12: Mean vibration amplitude value of the frequency range from 0Hz to 15kHz at 
2755rpm 
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6.3.15. Analysis of the Vibration amplitude in Frequency using RMS Vibration 
Amplitude Features 
For further analysis of the vibration signal in frequency domain, Figure 6-13 depicts the 
analysis of vibration signal using RMS vibration amplitude feature for different range of 
frequencies, namely (0Hz–1kHz), (1kHz–2kHz), (2kHz–10kHz), and (10kHz–15kHz), under 
operational conditions, including different flow rates and N=2755rpm. It can be clearly seen 
that the RMS value has the same trend as the mean vibration amplitude feature, but different 
values of the vibration amplitudes. It can be seen that there is no significant change in the 
vibration amplitude between 100 and 300(l/min) but the vibration amplitudes are rapidly 
increased at the high flow rate higher than 350(l/min). This means at this point, the pump 
operated under cavitation conditions due to NPSHR is higher than NPSHA. 
The analysis of variation in levels of vibration amplitude within a centrifugal pump in 
frequency domain, under different flow rate and of frequency ranges using mean and RMS 
features, were in agreement with characteristics of cavitation that was presented using NPSH 
curve. 
 
Figure 6-13: RMS vibration amplitude value of the frequency range from 0Hz to15kHz at 
2755rpm 
During the experimental investigation in this study, it was observed that the low range of 
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0Hz to 15kHz are effective in order to predict cavitation, particularly within the range of 
broadband frequency between 1 and 2kHz. As a result, an accelerometer with low range of 
frequency can provide a good indication to predict and diagnose cavitation in the pump, which 
leads to a decrease in the cost of sensor, as compared to using an accelerometer with high range 
of frequency.  
After the investigation and discussion, the performance and prediction of cavitation within a 
centrifugal pump under various flow rates. The details of the influences of different pump 
rotational speeds on the performance and prediction of cavitation, through the use of vibration 
technique in time and frequency domains are analysed in the following sections. 
6.4. Effect of Various Pump Rotational Speeds to Predict Cavitation in a Pump using 
Vibration Technique 
As mentioned and clearly observed in the previous chapter, the pump performance depended 
directly on the different operating conditions. Therefore, the flow pattern behaviour such as 
pressure, velocity, occurrence of cavitation and instabilities in the flow field within a 
centrifugal pump, can be changed at various operational conditions. 
Further analysis on the vibration signal for this research would be presented in order to predict 
cavitation. The effect of various pump rotational speeds 2610, 2320, and 2030rpm, 
corresponding to 0.9Nd, 0.8Nd, and 0.7Nd where Nd denotes the design rotational speed and 
is equal to 2900rpm were selected for analysis purposes. The pump rotational speed was 
precisely controlled by using the electronic inverter in the control panel. The range of pump 
capacity (flow rate) was changed depending on the rotational speed. The following sections 
represent the results obtained from the experimental calculation of the pump under different 
pump rotational speeds. 
6.4.1. Centrifugal Pump Head at Different Rotational Speeds  
Figure 6-14 depicts the head of the pump under different pump rotational speeds. It can be 
observed that the head in the pump follows a continuous downward trend with increasing flow 
rate at various rotational speeds under investigations. Also, it can be seen that the head under 
N=2755rpm is considerably higher than for the other three cases N=2610rpm, N=2320rpm, 
and N=2030rpm. The results showed that the pump starts to operate under cavitation conditions 
at a flow rate higher than the design flow rate and then increases at a flow rate higher than 
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350(l/min). This means that when a pump operates at the high flow rate, it leads to a decrease 
in the inlet suction pressure faster than at low flow rate. Hence, cavitation will occur quicker. 
From the above findings, it can be concluded that the head of the pump increases as the pump 
rotational speed also increases. The pump rotational speeds are proportional to cavitation 
occurrence within the pump. This means when rotational speeds increase, occurrence of 
cavitation also increases due to the decreased pressure at the inlet eye of impeller which goes 
lower than the vapour pressure. 
 
Figure 6-14: Comparison between head of the pump under different rotational speeds 
6.4.2. Analysis of the Vibration Signal in Time Domain at Different Rotational Speeds  
In this section, the vibration signals were analysed in time domain using the different statistical 
features as in the previous case (N=2755rpm). In order to obtain more information regarding 
change in the vibration amplitude under the different flow rates and different pump rotational 
speed to predict the cavitation within a pump.   
6.4.3. Analysis of the Vibration Signal using Various Statistical Features  
Based on time domain analysis, Figure 6-15 depicts the statistical features such as peak, RMS, 
peak-to-peak and variance values under different pump rotational speeds. It can be seen that 
the maximum peak feature for N=2755rpm is considerably higher than for the other three cases. 
For instance, for N=2610 rpm, it is higher by 13.38%, for N=2320rpm by 15.48%, and 
N=2030rpm by 36.60%. The maximum RMS value for N=2755rpm is higher than the 
remaining three cases already listed by 11.72%, 29.98%, and 52.53%. The highest peak-to-
peak for N=2755 rpm is higher than for the other cases by 13.025%, 13.45%, and 33.24% and 
also the maximum variance value by 16.66%, 42.19%, and 75.93% respectively as given in 
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Table 6-2. From the above findings, it can be concluded that the pump rotational speeds are 
proportional to the increase in the vibration amplitude. This means that when the pump 
rotational speed increases, the vibration amplitude also increases due to the cavitation 
occurrence within a pump. When vapour bubbles form due to cavitation for a long period of 
time, these bubbles collapse that causes drop in performance of the pump and also damages 
some parts of the pump due to erosion on the surfaces of the pump.  
Table 6-2 Summary of the maximum statistical features of the vibration amplitude in time 
domain under different rotational speeds 
Rotational speed Peak RMS peak-to-peak variance 
(rpm) (m/s2) (m/s2) (m/s2) (m/s2) 
2755 457.66 73.82 921.14 5099.6 
2610 396.38 65.17 801.16 4249.5 
2320 386.80 54.28 797.22 2947.6 
2030 294.71 35.04 614.86 1227.0 
  
        (a) Peak                                                            (b) RMS 
  
    (c) Peak-to-peak                                         (d) Variance 
Figure 6-15: Comparison between different statistical features of the vibration asignal in time 
domain under different rotational speeds 
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6.4.4. Analysis of the Vibration Signal in Frequency Domain at Different Pump 
Rotational Speeds 
Figure 6-16 depicts the vibration signal in frequency domain, the frequency ranges are from 
(a) 0Hz to 1kHz and (b) 1kHz to 2kHz under different rotational speeds of 2610, 2320, and 
2030rpm. It can be clearly observed that the vibration peak amplitude occurred, as expected, 
at two dominated distinctive frequencies for both frequency ranges. The first one is the 
rotational frequency and the second one is the blade passing frequency, and their harmonics. 
These harmonics increase with an increase in flow rates. Furthermore, these frequencies show 
clearer variances between them at various flow rates, with the same continuous pattern for 
frequency range between 0Hz and 1kHz. Therefore, in this study, focus is on using the low 
range of frequencies for detecting the occurrence of cavitation within a pump. It is also worth 
mentioning that the amplitude of vibration signal in frequency domain shows an apparent 
change in the level of vibration amplitudes when the pump operates at high rotational speed.  
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(a)                        N=2610rpm                        (b) 
 
(a)                        N=2320rpm                        (b) 
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(a)                        N=2030rpm                        (b) 
Figure 6-16: Vibration signal in frequency domain under different rotational speeds and the 
frequency range from (a) 0Hz-1kHz to (b) 1kHz-2kHz  
For comparison purposes between the above cases, based on frequency domain, Figure 6-17 
depicts the mean vibration amplitude values of the aforementioned cases under different pump 
rotational speeds and for the different range of frequencies which include 0Hz-1kHz, 1kHz-
2kHz, 2kHz-10kHz, and 10kHz-15kHz. It can be clearly seen that the maximum mean feature 
under N=2755rpm is considerably higher than for the other three cases. Furthermore, the results 
from the frequency domain analysis demonstrated that the mean vibration amplitude value for 
various ranges of frequencies can be used to predict different levels of cavitation within a pump, 
especially at low range frequencies from 1Hz to 2kHz. However, it can be clearly seen that 
high ranges of frequency are sensitive to predict cavitation as compared to the low range of 
frequency as shown in these figures. 
 
          (a) 0Hz-1kHz                                                (b) 1kHz-2kHz 
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       (c) 2kHz-10kHz                                 (d) 10kHz-15kHz 
Figure 6-17: Comparison between mean vibration amplitude in frequency domain for 
different rotational speeds and frequency ranges  
In regard to the changes in vibration amplitude of the mean value for the centrifugal pump 
under different pump rotational speeds and various range of frequencies, including 0Hz-1kHz, 
1kHz-2kHz, 2kHz-10kHz, and 10kHz-15kHz. Table 6-3 provides more detailed comparison 
between all of the above cases under investigation. The values for the mean feature for 
N=2755rpm, for different range of frequencies, are considerably higher than for all three cases 
(N=2610, N=2320, and N=2030rpm) as summarised in this table. It can be seen that the 
analysis of the vibration signals in frequency domain, using mean amplitude features, under 
different pump rotational speed shows that when the rotational speed increases, vibration 
amplitude also increases due to increases in the occurrence of cavitation within a pump under 
the different frequency ranges. 
Table 6-3 Comparison between mean vibration amplitude values in frequency domain, under 
different rotational speeds at 0kHz-15kHz  
Rotational 
speed 
Mean value 
0Hz-1kHz 
Mean value 
1kHz-2kHz 
Mean value 
2kHz-10kHz 
Mean value 
10kHz-15kHz 
(rpm) (m/s2) (m/s2) (m/s2) (m/s2) 
2755 0.128 0.288 0.474 1.066 
2610 0.075 0.243 0.444 0.995 
2320 0.071 0.174 0.345 0.864 
2030 0.041 0.113 0.176 0.558 
For comparison purposes between the above cases based on frequency domain analysis, Figure 
6-18 depicts the RMS feature for the aforementioned cases under different rotational speeds 
and for the different range of frequencies which include 0Hz-1kHz, 1kHz-2kHz, 2kHz-10kHz, 
and 10kHz-15kHz. It can be clearly seen that the maximum RMS feature for N=2755rpm is 
considerably higher than for the other three cases. Also, the results from frequency domain 
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analysis have demonstrated that RMS vibration amplitude values for various range of 
frequencies can be used to predict cavitation within a centrifugal pump, especially at the low 
range frequency between 1kHz and 2kHz. 
 
          (a) 0Hz-1kHz                                                (b) 1kHz-2kHz
 
        (c) 2kHz-10kHz                                 (d) 10kHz-15kHz 
Figure 6-18: Comparison between RMS vibration amplitude values in frequency domain for 
different rotational speeds aqnd frequency ranges  
In regard to the changes in vibration amplitude and trends of the RMS value for the centrifugal 
pump under different rotational speeds and for various range of frequencies, Table 6-4 provides 
the comparison between all the above cases under investigation. The values of RMS features 
for N=2755rpm for different range of frequencies are considerably higher than for all three 
case (N=2610, N=2320, and N=2030rpm) as summarised in this table.  
Table 6-4 Comparison between RMS vibration amplitude values in frequency domain under 
different rotational speeds at 0kHz-15kHz  
Rotational 
speed 
RMS value 
0Hz-1kHz 
RMS value 
1kHz-2kHz 
RMS value 
2kHz-10kHz 
RMS value 
10kHz-15kHz 
(rpm) (m/s2) (m/s2) (m/s2) (m/s2) 
2755 0.1595 0.3318 0.5543 1.153 
2610 0.1095 0.2855 0.5221 1.0789 
2320 0.0926 0.1944 0.4111 0.9276 
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2030 0.0540 0.1762 0.2189 0.6055 
In summary, the different level of vibration amplitudes due to various operation conditions in 
the pump were analysed. Hence, the frequency at which cavitation occurs was obtained through 
analysis of the experimentation process. The results showed that there is a significant difference 
in the trend of vibration amplitude, as a function of various operational conditions, such as flow 
rate and pump rotational speed, as shown in both tables and figures in the previous section. 
These frequencies can provide good information regarding diagnosing the occurrence of 
cavitation within a pump. Also in this research study, the results showed that the use of 
vibration technique in both time and frequency domains were given a good understanding in 
predicting the different levels of cavitation (no cavitation, inception, development, and fully 
developed of cavitation) in a pump under different operational conditions. 
6.5. Summary of the Analysis of Different Flow Rates and Pump Rotational Speeds 
using Vibration Technique 
Based on above results in this section, several conclusions were drawn regarding the effect of 
different flow rates and pump rotational speeds on the vibration signal and performance of the 
centrifugal pump. 
1. The head of the centrifugal pump gradually decreases when flow rate is increased due to the 
hydraulic and mechanical losses as well as different levels of cavitation occurrence within 
a pump. 
2. When the pump operates under low flow rates, no cavitation occurs but at a flow rate greater 
than 350(l/min) cavitation occurs. 
3. The level of cavitation in a pump was directly linked with the pump flow rate. 
4. The vibration signal analysis in time domain using different statistical features can be 
considered as a first indication to determine when cavitation was occurred in the pump. 
5. The peak and peak-to-peak features were the most sensitive to detect cavitation when 
compared to RMS and variance features. 
6. The level of vibration stability of a pump is associated directly with the pump rotational 
speed. 
7. The frequency domain analysis was a satisfactory technique to predict the inception and 
development of cavitation in a pump. 
8. The pump has generated two main dominant frequencies the shaft rotating frequency and the 
BPF. 
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9. Usin mean and RMS vibration amplitude values to analyse the vibration signal in frequency 
domain, provides more information regarding the prediction of cavitation. 
10. The head for N=2755rpm is considerably higher than that of the other cases. 
11. The analysis of the variation in the level of vibration amplitude under different flow rate in 
time domain by using different statistical features and also in frequency domain under 
different ranges of frequencies, were in agreement with the characteristics of cavitation that 
was presented using the NPSH curve.  
12. Based on time domain analysis the maximum statistical features values for N=2755rpm are 
considerably greater than for the other cases. 
13. Based on frequency domain analysis, using mean and RMS feature values for different 
ranges of frequencies namely the maximum values for the above features for N=2755rpm is 
considerably higher than for the other cases. 
14. It was found that from the analysis, the vibration signal using mean and RMS amplitudes 
features, for the different range of frequencies revealed that using low-frequency range 
between 1kHz and 2kHz was sensitive to predict cavitation in the pump. Therefore, it is 
possible to use an accelerometer that has a low range of frequency which would decrease 
the cost of the sensor when compared to a high range of frequency sensor. 
15. Based on the above findings, the severity of cavitation can be gauged by increasing the 
level of vibration amplitude value. It provides a good indication regarding the occurrence 
of the severity of cavitation within a centrifugal pump. 
16. The analysis of variation in the level of vibration amplitude in a pump, under different 
experimental flow rate measurements, agreed with the characteristics of cavitation that was 
predicted using CFD code in Chapter five.   
6.6. Effect of the Suction Valve Opening on the Level of Vibration to Predict Cavitation 
within a Centrifugal Pump  
As clearly observed in the previous sections, the pump performance and occurrence of 
cavitation directly depends on the different operating conditions. In order to cover a wide range 
of operation conditions for detecting cavitation in this section, investigations on the effect of 
various suction valve openings on cavitation in the pump were carried out.  
In order to analyse the various levels of cavitation at different operation conditions, the effect 
of the decrease in the inlet suction pressure of the centrifugal pump, by controlling the inlet 
suction valve opening, was investigated using this experimental setup. Hence, the vibration, 
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and pressure signals under different inlet valve openings and different flow rates namely 103, 
200, 302(l/min were collected for this purpose. The inlet suction valve is first fully open (100%) 
at the beginning. Then changed through throttling the suction valve progressively, step by step 
for every 10% by using a protractor instrument that measures angles as shown in Figure 6-19, 
until cavitation occurs due to decreasing the inlet pressure at the inlet pipe by keeping the pump 
rotational speed constant at 2755rpm. This process is based on the collection of experimental 
measurements at different suction valve openings and various flow rates. The collection of the 
experimental data allows evaluation of different indicators connected to cavitation condition 
within a pump. Such indicators include the performance of the pump, the head-suction valve-
opening curve and vibration generated by cavitation, which are analysed in both time and 
frequency domains. All of these indicators provide useful information regarding predicting 
cavitation in the pump with high certainty. The next section presents the results obtained from 
the experimental calculation under different inlet suction valve openings. Each experimental 
test in this study was repeated at least three times. 
 
Figure 6-19: Protractor instrument for measuring angles at suction valve of the pump 
6.6.1. Performance of the Centrifugal Pump under Different Suction Valve Openings at 
Flow Rate of 103(l/min)  
To analyse the effect of inlet suction valve openings on the performance of the centrifugal 
pump under various flow rates through the use of vibration technique, it is important first to 
investigate and calculate the NPSH against head of the pump in relation to the different inlet 
valve openings, presented in the next section. 
Figure 6-20 depicts the NPSH-Head curve for the pump based on some operating conditions 
such as flow rate of 103(l/min) and N=2755rpm. It can be seen that when the NPSH decreases 
from 7.5m to 6.5m, no significant change in the pump head is evident and no cavitation was 
occurred in this region. When the NPSH goes lower than 5.5m, the head is decreased by 3% 
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and inception of cavitation occurs. Furthermore, it can be seen that when the NPSH value also 
decreases, the pump head rapidly decreases and the development of cavitation then increases. 
The reason is due to the pressure at the suction line of the pump which gradually decreases 
when the suction valve opening decreases leading to a decrease in NPSH.   
 
Figure 6-20: The cavitation characteristics NPSH-Head curve of the pump  
The pump performance is also analysed in relation to the different inlet suction valve openings. 
Figure 6-21 depicts the pump head via the inlet suction valve openings curve for the pump 
based on operational conditions such as flow rate of 103(l/min) and N=2755rpm. The head 
drop curve for the pump can be seen correspond to inlet suction valve openings of 100, 90, 80, 
70, 60, 50, 40, and 35%. In this figure, the head drop curve can be seen to be divided into three 
parts because of the decrease in the inlet suction pressure. The first part shows inlet suction 
valve openings between 100% and 50%. It can be further observed that there is no significant 
change in the head of the pump and no cavitation occurs in this region. The second part displays 
the development of cavitation occurring when inlet suction valve opening was at 40% due to 
the head drop of 7.85%. The final part illustrates full development of cavitation when the inlet 
suction valve opening was at 35% as the head drop was 37.66%. It can be concluded that when 
decreasing the inlet suction valve openings, this leads to the lowering of the inlet suction 
pressure and cavitation on the suction side of the pump starts occurring and developing. 
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Figure 6-21: The relation between head and different suction valve openings at 103(l/min) 
6.6.2. Analysis of the Level of Vibration in Time Domain under Different Suction Valve 
Openings at Flow Rate of 103(l/min) 
The primary goal of this section is to investigate the relationship between the suction valve 
openings and occurrence of cavitation in the pump. For this purpose, the vibration signal was 
analysed in time domain using the same various statistical features as used in the previous 
sections. In order to obtain more detailed information regarding the change in the vibration 
amplitude under different inlet suction valve openings.  
Figure 6-22 depicts the analysis on the vibration signal for the pump using peak, RMS, peak-
to-peak and variance values at a flow rate of 103(l/min), N=2755rpm and under different inlet 
suction valve openings. It can be seen that all these features include three parts, the first shows 
no significant change in the level of vibration amplitude when the pump operates between 
suction valve openings 100% and 40%. The second indicates that the trends of the peak, RMS 
peak-to-peak and variance values rapidly increase when the pump operates between suction 
valve openings of 40% to 35%. The reason for this is due to the decrease in the suction pressure 
below the water vapour pressure, leading to cavitation starting to develop. The third part 
includes the maximum vibration due to when the inlet suction pressure continuously decreases 
under these conditions and cavitation fully develops causing deterioration in the performance 
of the pump. 
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                (a)  Peak and RMS                                       (b) Peak-to-peak and variance 
Figure 6-22: Trends of various statistical features of the vibration signal nuder different 
suction valve openings at 103(l/min) 
6.6.3. Analysis of the Level of Vibration in Frequency Domain under Different Suction 
Valve Openings at Flow Rate of 103(l/min) 
Figure 6-23 depicts the vibration signal in frequency domain under various test measurements 
of inlet suction valve openings and the operation conditions at flow rate of 103(l/min), 
N=2755rpm and range of frequency of 0Hz-1kHz and 1kHz-2kHz. It can be clearly observed 
that the vibration peak amplitude was occurred at two dominated distinctive frequencies as 
expected. The first one is rotational frequency 45.9Hz and the second is BPF 229.5Hz, and 
their harmonics. From this figure, it can be seen there is no significant change in the level of 
vibration amplitude when the pump operates between suction valve openings of 100% and 
50%. However, at this range of frequency, a change in the vibration amplitude can be seen 
when the pump operates between suction valve openings of 40% to 35%.  
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(a) 0Hz-1kHz                                       (b) 1kHz-2kHz 
Figure 6-23: Vibration signal in frequency domain under various suction valve openings and 
frequency ranges at 103(l/min) 
From the above analysis, it can be concluded that the high peak amplitude in frequency domain 
for the vibration signal is clearly evident within a pump operating under cavitation conditions 
at suction valve openings from 40% to 35%. This is due to the random formation and collapse 
of the bubbles in the pump, causing unstable flow and more pressure fluctuations that lead to 
producing high levels of vibration in the pump. It can also be noted that analysing the level of 
vibration amplitude at frequency range between 0Hz and 2kHz, provides a suitable indication 
to predict cavitation within a pump. 
For more analysis regarding vibration signal in frequency domain, Figure 6-24 and Figure 6-25 
depict the mean and RMS vibration amplitude values that were calculated from the frequency 
domain under different inlet suction valve openings for a range of frequencies, namely 0Hz-
1kHz, 1kHz-2kHz, 2kHz-10kHz, and 10kHz-15kHz respectively, with a flow rate of 
103(l/min) and N=2755rpm. It can be seen that the mean and RMS vibration amplitude values 
for the various range of frequencies have approximately the same trend under different inlet 
suction valve openings. It is also worth noting here that no significant change occurs at the inlet 
suction valve openings between 100% and 50%. However, changes occur when the inlet 
suction valve opening is between 40% and 35%. This is due to the occurrence of cavitation 
within a pump. It can be concluded that the low frequency range from 0Hz to 2kHz can be 
sensitive in detecting cavitation in the pump. 
0
200
400
600
800
1000
20
40
60
80
100
0
0.2
0.4
0.6
0.8
S
u
c
ti
o
n
 v
a
lv
e
 o
p
e
n
in
g
 (
%
)
Frequency (Hz)
V
ib
ra
ti
o
n
 a
m
p
li
tu
d
e
 (
m
/s
2
)
1000
1200
1400
1600
1800
2000
20
40
60
80
100
0
0.2
0.4
0.6
0.8
S
u
c
ti
o
n
 v
a
lv
e
 o
p
e
n
in
g
 (
%
)
Frequency (Hz)
V
ib
r
a
ti
o
n
 a
m
p
li
tu
d
e
 (
m
/s
2
)
  
PREDICTION OF CAVITATION WITHIN A CENTRIFUGAL PUMP USING VIBRATION ANALYSIS TECHNIQUE 
 
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
223 
 
 
Figure 6-24: Mean vibration amplitude value of the vibration frequency range from 0Hz to 
15kHz at 103(l/min) 
 
Figure 6-25: RMS vibration amplitude value of the vibration frequency range from 0Hz to 
15kHz at 103(l/min) 
30 40 50 60 70 80 90 100
0
0.1
0.2
 
 
Frquency range (0Hz-1kHz)
30 40 50 60 70 80 90 100
0
0.1
0.2
 
 
Frquency range (1kHz-2kHz)
30 40 50 60 70 80 90 100
0
0.1
0.2
 V
ib
ra
ti
o
n
  
a
m
p
li
tu
d
e
 (
m
/s
2
)
 
 
Frquency range (2kHz-10kHz)
30 40 50 60 70 80 90 100
0
0.1
0.2
Suction valve opening (%)
 
 
Frquency range (10Hz-15kHz)
30 40 50 60 70 80 90 100
0
0.1
0.2
 
 
Frquency range (0Hz-1kHz)
30 40 50 60 70 80 90 100
0.05
0.1
0.15
0.2
 
 
Frquency range (1kHz-2kHz)
30 40 50 60 70 80 90 100
0
0.1
0.2
V
ib
ra
ti
o
n
  
a
m
p
li
tu
d
e
 (
m
/s
2
)
 
 
Frquency range (2kHz-10kHz)
30 40 50 60 70 80 90 100
0
0.2
0.4
Suction valve opening (%)
 
 
Frquency range (10Hz-15kHz)
  
PREDICTION OF CAVITATION WITHIN A CENTRIFUGAL PUMP USING VIBRATION ANALYSIS TECHNIQUE 
 
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
224 
 
6.6.4. Performance of the Centrifugal Pump under Different Suction Valve Openings at 
Different Flow Rates 
For comparison purposes between the different cases (Q=100(l/min), Q=200(l/min) and 
Q=302(l/min)), investigating the effects of decrease in the suction valve on the performance of 
the centrifugal pump. Figure 6-26 depicts the head of the different cases under different inlet 
valve openings at the suction side of the pump. It can be clearly seen that the head for 
Q=100(l/min) is considerably higher than for the other two flow rates 200(l/min) and 
302(l/min). The results showed that at flow rate of 100(l/min), the pump start operates under 
cavitation conditions when inlet suction valve opening was 40%. However, at flow rate of 
200(l/min) started at 50%, and at the flow rate of 302(l/min) was at 60% respectively. That 
means when a pump operates at the high flow rate it leads to a decrease in the inlet suction 
pressure faster than at low flow rate and hence this leads to the fact that cavitation will occur 
quicker. From the above findings, it can be concluded that the inlet suction valve openings are 
inversely proportional with cavitation occurrence within the pump, meaning that when the inlet 
suction valve opening is decreased this leads to cavitation being increased. 
 
Figure 6-26: Effect of different suction valve openings on the performance of a pump 
6.6.5. Analysis of the Level of Vibration in Time Domain under Different Suction Valve 
Openings and Flow Rates  
Further comparison between the different cases (Q=100(l/min), Q=200(l/min) and 
Q=302(l/min)) under investigation was analysed in time domain in order to obtain more 
information regarding the occurrence of cavitation. Figure 6-27 depicts the statistical features 
such as peak, RMS, peak-to-peak and variance values of the aforementioned cases under 
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different flow rates and various suction valve openings. It is clearly seen that the maximum 
peak feature under the different suction valve openings at Q=302(l/min) is considerably higher 
than for the other cases Q=200(l/min) and Q=103(l/min) by 42.21%, and 43.33%. Also, the 
maximum RMS value by 51.83% and 59.45% is considerably higher than for the other cases. 
In addition, the maximum peak-to-peak value is higher than for the other cases by 40.97%, and 
41.86%. Moreover, the maximum variance value is also higher than for the previous cases by 
76.80%, and 83.73% respectively. The reason for this is due to the decrease in the suction valve 
openings, causing the occurrence of cavitation within a pump and hence this leads to an 
increase in the level of vibration. From above findings, it can be concluded that the suction 
valve openings are inversely proportional to the increase of the vibration amplitude as shown 
in Table 6-5 meaning when the suction valve opening is decreased this leads to increase 
cavitation within a centrifugal pump resulting in an increase in the vibration amplitude.   
Table 6-5 Summarises the maximum statistical features of the vibration amplitude in time 
domain under different flow rates 
Flow rate Peak RMS peak-to-peak variance 
(l/min) (m/s2) (m/s2) (m/s2) (m/s2) 
103 173.11 13.32 365.23 177.54 
200 176.53 15.90 370.83 253.22 
302 305.52 33.01 628.29 1091.6 
 
(a) Peak                                                     (b) RMS 
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 (c) Peak-to-peak                                                     (d) Variance 
Figure 6-27: Comparison between different statistical features of the vibration signal in time 
domain under different suction valve openings and flow rates 
6.6.6. Analysis of the Level of Vibration in Frequency Domain under Different Suction 
Valve Openings and Flow Rates  
Figure 6-28 depicts the analysis on the vibration signal under different suction valve openings 
and flow rates (Q=200(l/min) and Q=302(l/min)), N=2755rpm, and frequency range of 
between (a) 0Hz-1kHz to (b) 1kHz-2kHz operational conditions. It can be seen that the first 
peak vibration amplitude was at frequency 45.9Hz and represents the rotation frequency. The 
second, third and fourth harmonics were 91.8, 137.7, and 183.6Hz respectively. The second 
dominate peak vibration amplitude was at frequency 229.5Hz, and is denoted as the BPF and 
its harmonics. It can be seen that the peak vibration amplitude is increased where cavitation 
exists within the pump. In addition, it can be seen for case (Q=200(l/min)) there is no change 
in the level of vibration amplitude under inlet suction valve openings between 100 and 60%. 
However, the change in vibration amplitude was relatively higher at inlet suction valve 
openings from 50 to 45% as compared to inlet suction valve openings between 100 and 50% 
due to the cavitation conditions. Furthermore, for case (Q=302(l/min)) the change in vibration 
amplitude was relatively higher at inlet suction valve openings between 60 and 50% when 
compared to the inlet suction valve openings between 100 and 60%. 
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(a)                        Q=200(l/min)                        (b) 
 
(a)                        Q=302(l/min)                        (b) 
Figure 6-28: Vibration signal in frequency domain under various suction valve openings and 
the frequency range of (a) 0Hz-1kHz to (b) 1kHz-2kHz at different flow rates 
For more comparison purposes based on frequency domain, Figure 6-29 depicts the statistical 
feature such as mean vibration amplitude value of the aforementioned cases under different 
flow rates and various suction valve openings and for various range of frequencies namely 
(0Hz-1kHz), (1kHz-2kHz), (2kHz-10kHz), and (10kHz-15kHz). It can be clearly seen that the 
mean feature under the different suction valve openings at Q=302(l/min) is considerably higher 
than for the other cases Q=200(l/min) and Q=103(l/min), due to cavitation process in the pump. 
From the above findings, it can be concluded that the analysis on the vibration signal in 
frequency domain, using mean value, provides a good indication regarding the occurrence of 
cavitation within a centrifugal pump due to the decrease in the suction valve opening. 
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(a) 0Hz-1kHz                                                 (b) 1kHz-2kHz 
 
 (c) 2kHz-10kHz                                        (d) 10kHz-15kHz 
Figure 6-29: Comparison between mean vibration amplitude values in frequency domain for 
different frequency ranges under different suction valve openings 
For more analysis on the vibration signal based on the frequency domain, Figure 6-30 depicts 
the RMS vibration amplitude value of the aforementioned cases under different flow rates and 
various suction valve openings and for various range of frequencies, which include (0Hz-
1kHz), (1kHz-2kHz), (2kHz-10kHz) and (10kHz-15kHz). It can be clearly seen that the RMS 
feature has the same trend for the mean vibration amplitude value but with different values. It 
can be seen that the RMS value for Q=302(l/min) was considerably higher than for the other 
cases Q=200(l/min) and Q=103(l/min) as shown in Table 6-6 and Table 6-7. It can be 
concluded that the analysis of vibration signal in frequency domain, using RMS value, provides 
another indication regarding the occurrence of cavitation within a pump due to decrease at the 
suction valve opening. 
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(a) 0Hz-1kHz                                            (b) 1kHz-2kHz 
 
(c) 2kHz-10kHz                                (d) 10kHz-15kHz 
Figure 6-30: Comparison between RMS vibration amplitude values in frequency domain for 
different frequency ranges under different suction valve openings 
Table 6-6 Result summary of the maximum mean vibration amplitude for different flow rates 
and frequency range of 0Hz-15kHz 
Flow rate Mean value 
0Hz-1kHz 
Mean value 
1kHz-2kHz 
Mean value 
2kHz-10kHz 
Mean value 
10kHz-15kHz 
(l/min) (m/s2) (m/s2) (m/s2) (m/s2) 
103 0.0730 0.1264 0.1175 0.1918 
200 0.0908 0.1673 0.1467 0.2315 
302 0.1290 0.2613 0.2996 0.4892 
Table 6-7 Result summary of the maximum RMS vibration amplitude for different flow rates 
and frequency range of 0Hz-15kHz 
Flow rate Mean value 
0Hz-1kHz 
Mean value 
1kHz-2kHz 
Mean value 
2kHz-10kHz 
Mean value 
10kHz-15kHz 
(l/min) (m/s2) (m/s2) (m/s2) (m/s2) 
103 0.0844 0.1457 0.1228 0.2049 
200 0.1103 0.1903 0.1524 0.2484 
302 0.1553 0.3011 0.3227 0.5311 
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6.7. Summary of the Analysis of Different Suction Valve Openings 
Based on above results, the effect of different suction valve openings on the vibration signal 
and performance of the centrifugal pump are obtained. 
1. The head of the pump decreases as the inlet suction valve opening decreases. 
2. As the inlet suction valve opening decreases, it leads to the lowering of the inlet suction 
pressure and cavitation on the suction side of the pump starts to occur. 
3. The vibration signal analysis in time domain, using different statistical features can provide 
a good indication to determining when cavitation in the pump under different suction valve 
openings. 
4. The results of the various statistical features in time domain increases with decrease in the 
suction valve openings.  
5. Analysis on the vibration signal in frequency domain showed that the vibration peak 
amplitude occurred at two dominant distinctive frequencies as expected, the rotational 
frequency and the BPF.  
6. The mean and RMS vibration amplitudes features from frequency domain under different 
inlet suction valve openings and various frequency ranges were observed different regions. 
The first region shows that there is no significant change in vibration amplitudes. In the 
second region, vibration amplitudes increase due to the cavitation occurrence within a pump. 
7. The mean and RMS features increase with decrease in the suction valve openings and the 
above mentioned statistical features value also increase as flow rate increases. 
8. The vibration signal in time domain can provide a primary indication regarding the detection 
of the inception and severity of the different levels of cavitation within a pump. Also, 
secondary indication can be quantified in the frequency domain analysis under different 
frequency ranges, making the experimental results in detecting cavitation more reliable. 
6.8. Effect of Different Amounts of Air Injection using Vibration Technique 
Investigating the various degrees of cavitation within the centrifugal pump in this section was 
carried out by studying the effect of air injection into the suction side of the pump. To simulate 
various cavitation flows based on different operation condition, air injection was used. It can 
be controlled either by air injection through the pressure supply by the air valve at the suction 
side of the centrifugal pump where the quantity of air injection can be measured by using air 
flow meter FMA 1700/1800 series from OMEGA Engineering INC was chosen for this study. 
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All the vibration signals of a pump were collected through the use of accelerometer as 
mentioned in previous sections. The digital form of the vibration signal was transferred and 
saved on a PC by a USB port. Following this, all these signals were processed by extracting 
the various features in both time and frequency domains. 
In this experimental measurement, different amounts of air are injected into the suction side of 
the pump. Also, the pump was tested under various flow rates starting from to 100(l/min) to 
370(l/min) corresponding to different operation conditions (low flow rate) and cavitation 
conditions (high flow rate). For this experimental work, higher amounts of air cannot be 
injected within the suction pipe. There are two possible reasons behind this, the first being due 
to the high injection of air this cause’s unstable flow within the suction pipe and the pump, this 
leads to a rapid decrease in the performance of the pump and the second reason is the high air 
injection causes clogging at the inlet of the pump.  
6.8.1. Performance Output of the Centrifugal Pump under Air Injection 
The one important aim of this experimental study is to calculate the pump head. Therefore, 
several experimental measurements were conducted to find the pump performance under 
various air injections.  
6.8.2. Calculated Head of the Centrifugal Pump at 0.4(l/min) Air Injection 
Figure 6-31 depicts the pump head under different experimental flow rates with and without 
air injection. The amount of air injection in this case was 0.4(l/min) and N=2755rmp. It is 
evident that the head under both cases (with and without air injection) in the pump has a 
continuous downward trend with increasing flow rate. In addition, the results showed that there 
is no significant change between both cases when the pump works under operating conditions 
between 150 and 300(l/min). However, it can be seen that there is a slight difference between 
both cases after 300(l/min) and drop in the pump head for air injection was noticed as compared 
to without air injection condition. There are two possible reasons behind this decrease in the 
trend of the head. The first is due to hydraulic losses and additional losses due to air injection 
bubbles and the second reason is due to more pressure fluctuations within a pump which causes 
the formation and collapse of the bubbles from both the occurrence of cavitation and from air 
injection.  
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Figure 6-31: Head of the centrifugal pump with and without air injection at 2755rpm, and air 
injection 0.4(l/min) 
Earlier detection of cavitation in the centrifugal pump, under different air injections is through 
the use of vibration technique. It is essential to first investigate and calculate NPSH of the 
centrifugal pump and then relate it with the different flow rates and air injection. The cavitation 
characteristics of the pump that were monitored as an important part of this study was plotted 
in Figure 6-32. This figure depicts the NPSHA and NPSHR against different flow rates 
regarding the inception and development of cavitation in the pump with air injection of 
0.4(l/min). To achieve this purpose, the pump flow rate can be changed through progressively 
throttling the discharge valve and keeping the suction valve fully open (100%) whilst keeping 
the pump rotational speed constant at 2755rpm. From this figure, it can be clearly observed 
that when the pump operates under low flow rate, no cavitation occurs. This is due to the 
NPSHA being higher than the NPSHR. However at flow rate greater than 350(l/min), cavitation 
occurs in the pump and intersection between both curves (NPSHA and NPSHR) occurs. That 
means the development of cavitation starts at this point and it will increase when flow rate is 
increased more than 350(l/min) therefore, at this stage the NPSHA is smaller than the NPSHR.  
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Figure 6-32: The cavitation characteristics of the pump under different flow rates and air 
injection 0.4(l/min) 
6.8.3. The Vibration Signal Analysis Based on Time Domain under Amount of Air 
Injection of 0.4(l/min) 
Figure 6-33 depicts the vibration signal wave form for the pump in time domain obtained at 
0.4(l/min) air injection rate. These signals are collected at N=2755rpm and under various flow 
rate conditions (under normal and cavitation conditions) studied in this experimental test. As 
seen from this figure, the different levels of the vibration amplitudes depend on the various 
flow rates. It can be seen that when the pump works under low flow rate, for instance between 
150 and 300(l/min), the levels of vibration amplitudes are lower than when the pump is 
operating under high flow rate resulting in the vibration amplitude signal being increased as 
flow rate is increased due to three possible reasons. The first is due to air injection within a 
pump. The second is due to the high interaction between the impeller and volute tongue region 
and the final reason, which is the most important, is due to the occurrence of cavitation at the 
high flow rate. It can be clearly seen that there are different levels of vibration amplitudes when 
the pump operates at normal conditions (without cavitation) and under cavitation conditions 
with air injection. In this case, the trend for the vibration amplitude was more random with 
high peaks when compared with normal operating conditions. By comparing these figures, it 
can be concluded that the vibration signals are sensitive to predict cavitation with air injection 
within a pump.   
150 200 250 300 350 400
0
1
2
3
4
5
6
7
8
9
N
P
S
H
 (
m
)
Flow rate (l/min)
 
 
Pump NPSHr
NPSHa
  
PREDICTION OF CAVITATION WITHIN A CENTRIFUGAL PUMP USING VIBRATION ANALYSIS TECHNIQUE 
 
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
234 
 
 
Figure 6-33: Analysis of the vibration signal in TWFA at N=2755rpm and air injection of 
0.4(l/min) 
6.8.4. Analysis of the Vibration Signal Based on Time Domain at 0.4(l/min) Rate of Air 
Injection 
Further analysis on the vibration signal in time domain, with and without air injection was 
conducted in this section using the same different statistical features which were used in 
previous sections which include peak, RMS, peak-to-peak and variance features. Figure 6-34 
depicts the analysis on the vibration signals for the centrifugal pump, using the above 
mentioned features at different flow rates, air injection at 0.4(l/min) and N=2755rpm 
operational conditions. It can be seen from this figure (with and without air injection) that there 
is a small indication of variance in the vibration level at flow rates below 350(l/min). However, 
the results from experimental measurements revealed that these statistical features of vibration 
signals have the same trend under the different flow rates. The vibration level witnesses a 
significant rapid increase when the pump operates at flow rate higher than 350(l/min). It can 
be observed that the trends for the vibration signals using peak and peak-to-peak features with 
air injection, starts to ascend before the trends for the vibration signals without air injection at 
flow rate higher than 340(l/min). The reason for this is due to the effect of the air injection in 
a pump and the occurrence of cavitation at high flow rate which causes more unstable flow 
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within a pump. It is noticed that the use of peak and peak-to-peak features were more sensitive 
to investigate the effect of air injection when compared to RMS and variance features. The 
experimental results showed that the analysis of variation in the level of vibration amplitudes 
in a pump, under different experimental flow rate measurements, with and without air injection 
in time domain, agreed with the characteristics of cavitation that was depicted in Figure 6-32.  
 
 
Figure 6-34: Trends of peak, RMS, peak-to-peak, and variance values of the vibration signal 
at 2755rpm with and without air injection 
6.8.5. Analysis of the Vibration Signal Based on Frequency Domain at 0.4(l/min) Rate of 
Air Injection 
Frequency domain analysis was carried out under different air injection rates in order to 
investigate the changes in the level of vibration amplitude. Figure 6-35 depict the analysis on 
the vibration signal under the different ranges of frequencies (a) 0Hz-1kHz and (b) 1kHz-2kHz) 
at various flow rates, N=2755rpm and air injection of 0.4(l/min). Different types of frequencies 
were observed to have appeared. The first was the rotational frequency of 45.91Hz, whilst the 
second was the BPF 229.5Hz and their harmonics. It can be seen that the vibration amplitude 
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increases as flow rate increases due to the occurrence of the inception and development of 
cavitation in the pump and also due to the effect of air injection within a pump. 
 
(a)                                                                                     (b) 
Figure 6-35: Vibration signal in frequency domain at various flow rates with the frequency 
range from (a) 0Hz-1kHz to (b) 1kHz-2kHz at 2755rpm and air injection of 0.4(l/min) 
Figure 6-36 and Figure 6-37 depict using mean and RMS vibration amplitude features, with 
and without air injection to analyse the vibration signal in frequency domain. These features 
were investigated under different range of frequencies which include a) 0Hz-1kHz, b) 1kHz-
2kHz, c) 2kHz-10kHz, and d) 10kHz-15kHz, at different flow rates, air injection of 0.4(l/min), 
and N=2755rpm operational conditions. It can be observed that the plots for the above-
mentioned features displayed the same trend when compared to the results obtained in the 
previous sections under different operational conditions. This case under investigation has 
different vibration amplitude due to the effect of air injection in the flow pattern within a pump 
as well as the cavitation occurrence. It can be seen that trends for the mean and RMS vibration 
amplitudes values have small changes at flow rate between 100 and 350(l/min) for both cases 
(with and without air injection). However, the trends for the above mentioned features for both 
cases are rapidly increased after flow rate of 350(l/min). There are two possible reasons for this 
observation. The first is mostly due to the interaction between impeller/volute as well as 
cavitation occurrence within a pump. The second one is due to the amount of air injection 
which causes more instability in the flow pattern inside the pump and hence, leads to increasing 
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pressure fluctuations in the pump due to more interactions between the air injection bubbles 
and the collapsed bubbles as a result of the cavitation process. 
 
                      (a) 0Hz-1kHz                                       (b) 1kHz-2kHz 
 
(c) 2kHz-10kHz                                 (d) 10kHz-15kHz 
Figure 6-36: Mean vibration amplitude value of the frequency range from 0Hz to 15kHz at 
2755rpm with and without air injection 
 
                      (a) 0Hz-1kHz                                       (b) 1kHz-2kHz 
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(c) 2kHz-10kHz                                 (d) 10kHz-15kHz 
Figure 6-37: RMS vibration amplitude value of the frequency range from 0Hz to 15kHz at 
2755rpm with and without air injection 
For this study, the effect of the different amounts of air in the suction side of the pump on the 
performance and detection of cavitation through the use of vibration signals was investigated 
experimentally. The results showed that when the amount of air injection increases, it leads to 
decrease in the performance of the pump. Furthermore, the behaviour of the water and air (two-
phase) mixtures within a centrifugal pump can be highly complex, having a striking impact on 
the performance of the pump. The results analysis on the vibration signal obtained in both time 
and frequency domains are discussed, and the results obtained experimentally with air injection 
are investigated in the next section. In practice, analysis on vibration signal with air injection 
in the centrifugal pump faces several difficulties due to inadequate information in this field. 
The entrance air inside the pump could increase the level of vibration and noise. In this current 
study, different amounts of air injections were conducted in order to study the effect of these 
air injections on pump performance. How these amounts of air injection relate to changes in 
the vibration signals are also investigated and also obtain more information regarding the 
prediction of cavitation within a pump. Furthermore, cavitation within a pump was directly 
monitored by measuring the vibration signal near the volute tongue region, through the use of 
an accelerometer.  
6.8.6. Calculation of the Head of the Centrifugal Pump at Different Air Injection Rates  
Figure 6-38 depicts the pump head under different flow rates and air injections. The amounts 
of air injection were 0.4, 1, and 1.8(l/min) and N=2755rmp. It can be seen that the head under 
both cases (with and without air injection) in the pump has a continuous downward trend with 
increasing flow rate. In addition, the results showed that the pump head was decreased with air 
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injection increased when the pump operates under a flow rates. Due to hydraulic losses and 
additional losses caused by air injection bubbles and the second reason is due to more pressure 
fluctuations within a pump, which causes the formation and collapse of the bubbles from both 
the occurrence of cavitation and air injection. 
 
Figure 6-38: Head of the pump with and without air injection under different air injections  
6.8.7. Time domain Analysis on the Vibration Signal for at Different Air Injection Rates  
For comparison purposes between the different cases the amounts of air injection were 0.4, 1, 
and 1.8(l/min), in time domain analysis, all of the results that were obtained from the 
experimental setup for the centrifugal pump showed to follow the same trend for the peak, 
RMS, peak-to-peak and variance features as illustrated in Figure 6-39. These results indicated 
that no significant change occurs in the vibration amplitude at flow rate lower than 350(l/min). 
However, the rapid increase in the vibration amplitude was at flow rate higher than 350(l/min). 
This increase in the vibration amplitude can be explained due to the increase in the formation 
of bubbles that causes cavitation. The additional air bubbles leads to decrease in pressure at the 
eye of impeller, below the water vapour pressure. Hence, for this case, the NPSHA becomes 
lower than NPSHR value and at this point cavitation increases and then develops fully within 
the pump. Furthermore, high amount of air injection within the suction side of the pump can 
be collected back which forms a pocket around the impeller, particularly at the eye of the 
impeller which causes more losses in the pump and then possibly leading to air binding. As a 
result of air binding, problems such as the impeller spinning in the air occurs that may lead to 
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increase in the pressure fluctuations and also increase in the heating of the pump. This can then 
lead to damage to the bearing, impeller and the volute of the pump. 
 
(a) Peak                                                 (b) RMS 
 
(c) Peak-to-peak                               (d) Variance 
Figure 6-39: Comparison between different statistical features of the vibration signals in time 
domain different air injections 
For more results on the maximum peak, RMS, peak-to-peak and variance features of the pump, 
Table 6-8 and Table 6-9 provide the comparison between above cases. The maximum and 
minimum values of peak and peak-to-peak for air injection 0.4(l/min) were higher than another 
cases. The reasons for this is because the pressure fluctuations for air injection at 1(l/min) are 
higher than air injection at 1, and 1.8(l/min). Pressure fluctuations within the centrifugal pump 
are generated due to several reasons, which include interactions between the impeller (rotor) 
and volute (stator), especially at the volute tongue region. In addition, another reason is due to 
secondary flow together with the inner pump flow. Finally, the primary reason for this pressure 
fluctuation generation is the occurrence of cavitation and also due to the air injection within a 
pump.  
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Table 6-8 Summary of the maximum statistical features of the vibration amplitude in time 
domain at different air injections  
Air injection Peak RMS Peak-to-peak Variance 
(l/min) (m/s2) (m/s2) (m/s2) (m/s2) 
0.4 520.44 62.65 989.39 3922.40 
1 537.20 55.17 992.52 3048.60 
1.8 493.38 46.69 930.52 2180.0 
Table 6-9 Summary of the minimum statistical features of the vibration amplitude in time 
domain at different air injections  
Air injection Peak RMS Peak-to-peak Variance 
(l/min) (m/s2) (m/s2) (m/s2) (m/s2) 
0.4 29.27 6.13 59.75 37.60 
1 29.01 6.02 63.31 36.20 
1.8 28.22 6.01 59.19 36.0 
6.8.8. Frequency Domain Analysis on the Vibration Signal at Different Air Injections  
Figure 6-40 depicts the vibration signals in frequency domain at different frequency ranges 
from 0Hz-1kHz to 1kHz-2kHz under different flow rates, air injection 1 and 1.8(l/min). It can 
be seen that there is no significant change in the level of amplitude of the vibration signals 
when the pump works at a capacity lower than 350(l/min). However, a small increase in the 
level of amplitude of the acoustic signal occurred at flow rate higher than 350(l/min). It is also 
seen that dominant frequencies includes the rotation frequency and its harmonics, the BPF for 
all cases being investigation. 
 
(a)                        Air injection=1(l/min)                        (b) 
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(a)                        Air injection=1.8(l/min)                        (b) 
Figure 6-40: Vibration signal in frequency domain under various air injections and frequency 
range from (a) 0Hz-1kHz to (b) 1kHz-2kHz 
For comparison purposes between the above cases 0.4, 1, and 1.8(l/min), in frequency domain 
analysis, all of the results that were obtained from the experimental setup under different air 
injection rates. The mean and RMS vibration amplitude features follow the same trend as 
depicted in Figure 6-41 and Figure 6-42 These results indicated that no significant change 
occurs in the vibration amplitude at flow rate lower than 350(l/min). The rapid increase in the 
vibration amplitude was at flow rate higher than 350(l/min). This increase in the vibration 
amplitude due to the increase in the formation of bubbles that causes cavitation. The additional 
air bubbles leads to decrease in pressure at the eye of impeller, below the water vapour pressure. 
Furthermore, high amount of air injection within the suction side of the centrifugal pump can 
be collected back, which forms a pocket around the impeller, particularly at the eye of the 
impeller which causes more losses in the pump and then possibly leading to air binding.  
 
(a) 0Hz-1kHz                                 (b) 1kHz-2kHz 
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(c) 2kHz-10kHz                                 (d) 10kHz-15kHz 
Figure 6-41: Comparison between mean vibration amplitude values in frequency domain for 
different frequency ranges under different air injections 
 
(a) 0Hz-1kHz                                 (b) 1kHz-2kHz 
 
(c) 2kHz-10kHz                                 (d) 10kHz-15kHz 
Figure 6-42: Comparison between RMS vibration amplitude values in frequency domain for 
different and frequency ranges under different air injections 
The maximum mean and RMS vibration amplitude values for air injection at 0.4(l/min) were 
higher than for air injection at 1 and 1.8(l/min) under the different range of frequencies as 
summarised in Table 6-10 and Table 6-11.  
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Table 6-10 Summary of the results for the maximum mean vibration amplitude under 
different air injection and for 0Hz-15kHz  
Air injection Mean value 
0Hz-1kHz 
Mean value 
1kHz-2kHz 
Mean value 
2kHz-10kHz 
Mean value 
10kHz-15kHz 
(l/min) (m/s2) (m/s2) (m/s2) (m/s2) 
0.4 0.1287 0.2681 0.4811 0.9766 
1 0.1220 0.2417 0.4283 0.8611 
1.8 0.1413 0.2492 0.3902 0.7098 
Table 6-11 Summary of the results for the maximum RMS vibration amplitude under 
different air injection and for 0Hz-15kHz  
Air injection Mean value 
0Hz-1kHz 
Mean value 
1kHz-2kHz 
Mean value 
2kHz-10kHz 
Mean value 
10kHz-15kHz 
(l/min) (m/s2) (m/s2) (m/s2) (m/s2) 
0.4 0.1497 0.3081 0.5490 1.0585 
1 0.1437 0.2673 0.4869 0.9365 
1.8 0.1431 0.2660 0.4416 0.7809 
6.9. Summary of the Analysis of Different Air Injection within a Centrifugal Pump 
Based on the above results in this section, several conclusions can be drawn regarding air 
injection within a pump and are listed below. 
1. The head under both cases (with and without air injection) in the pump follow a continuous 
downward trend with increasing flow rate. 
2. The results showed that there is no significant change in the pump head for both cases (with 
and without air injection), when the pump works lower than the design flow rate 300(l/min) 
at low amount of air injection. However, there is a slight difference between the two cases 
after 300(l/min) flow rate.  
3. When the amount of the air injection increases, the head decreases.  
4. Analysis on the vibration signals using time wave form showed that there is difference in 
the level of vibration amplitudes when the pump operates at normal conditions (without 
cavitation) and under cavitation conditions with air injection.  
5. The analysis on the vibration signals in time domain using peak, RMS, peak-to- peak and 
variance features, with and without air injection, showed that there is a small indication of 
variance in the vibration level at flow rates below 350(l/min). However, the vibration level 
witnesses a significant rapid increase when the centrifugal pump operates at flow rate higher 
than 350(l/min).  
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6. Analysis on the vibration signals in frequency domain, under different amounts of air 
injection, revealed different types of frequencies. The first one was the rotational frequency 
and the second was the BPF and their harmonics. 
7. The vibration amplitudes increase with an increase in the flow rate due to the occurrence of 
the inception and development of cavitation in the pump and also due the effect of air 
injection within the pump. 
8. The use of frequency domain to analyse the vibration signal, is a suitable technique to study 
the effect of air injection in the pump and also to detect the inception and development of 
cavitation. 
9. Analysing vibration signals in frequency domain using mean and RMS vibration amplitude 
features showed that the trends for these features have slight changes where  flow rate is 
between 100 and 350(l/min) under both cases (with and without air injection). However, the 
trends for the above features under both cases rapidly increase after 350(l/min).  
10. The trend for the vibration amplitude for both features (mean and RMS) with air injection 
at a frequency range starting from 2kHz to high-frequency of 15kHz slightly decreases at 
high flow, but the vibration amplitude without air injection increases with an increase in 
flow rate.  
11. Finally, due to the high interaction between the air injections and the dissolved air caused 
by the bubbles formation due to cavitation within a pump makes the study of the impact of 
air injection within a pump more difficult. 
The next chapter will analyse and discuss the results that were obtained from the experimental 
setup through the use of the acoustic technique in order to predict and diagnose the cavitation. 
With a combination of the vibration and acoustic measurements, dependable techniques are 
created for monitoring and detecting cavitation within a centrifugal pump. For the case of 
comparison between both techniques (vibration and acoustic), the structure of the next chapter 
will be similar to this chapter. 
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CHAPTER 7 
7 PREDICTION OF CAVITATION WITHIN A CENTRIFUGAL PUMP 
USING ACOUSTIC ANALYSIS TECHNIQUE 
 
 
 
Condition monitoring analysis of the centrifugal pump was a significant research study over 
recent decades obtaining detailed information regarding the pump performance and the effect 
of cavitation occurrence within a pump using CFD technique and experimentally using 
vibration technique in previous chapters. Therefore, in order to achieve other research aims, 
which lead to increase in the reliability of cavitation detection the use of different techniques, 
such as acoustic analysis technique, can provide a more robust detection of cavitation. A 
detailed results analysis, obtained from acoustic signal, was carried out to predict cavitation in 
the pump under different operating conditions. Also, the acoustic signal was investigated in 
time domain through the use of the same statistical features as previously mentioned in Chapter 
six as well as the FFT technique which was used to analyse the acoustic signal in the frequency 
domain. In addition, this chapter attempted to find a relationship between the cavitation and 
noise characteristics using acoustic technique for identifying cavitation within a pump. 
Furthermore, as a basis for developing a comparison and evaluation system amongst different 
techniques. Also, to find an adequate technique for accurate and reliable detection and 
diagnosis of different levels of cavitation within a centrifugal pump. 
 
  
  
 
PREDICTION OF CAVITATION WITHIN A CENTRIFUGAL PUMP USING ACOUSTIC ANALYSIS TECHNIQUE 
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
247 
 
7.1. The used of Acoustic Technique to Diagnose Cavitation in the Centrifugal Pump  
Recently, cavitation study has become a focal point of centrifugal pump industry, since it 
causes many problems in hydraulic machines, especially for turbines and all types of water 
pumps. It causes the failure, damage and deterioration of the performance and efficiency. 
Moreover, it increases the noise and vibration level within the system. This study analysed the 
effectiveness of the acoustic technique using a microphone. The cavitation within the 
centrifugal pump was predicted initially by analysing experimental acoustic signal in time 
domain analysis, using time waveform analysis (TWFA) approach along with different 
statistical features. The second approach was frequency domain, which was used to analyse the 
spectrum frequency. The effectiveness of the conventional acoustic technique was explained 
by plotting a three dimensional (waterfall) graph of frequencies against acoustic amplitudes 
and using different statistical features. The analysis was conducted for various low and high 
frequency ranges in order to determine a sensitive frequency range to detect cavitation in the 
pump. The sources of noise in the pump are reviewed in this chapter for different operational 
conditions. Subsequently, an explanation was provided on how the inception of cavitation 
influences these sources. 
7.2. Sources of Acoustic (Noise) in the Centrifugal Pump  
Normally, a certain amount of noise level is expected from different components of the 
centrifugal pump and pump parts such as an impeller, shaft, seal, bearings and cooling fan. 
However, the existence of high noise levels might be regarded as an initial indication of 
possible mechanical malfunctions or vibration issues in the pump. The noise in pumps might 
occur due to several factors such as the mechanical motion of the pump's parts, fluid movement 
within the pump and the installed piping system. Basically, the flow field and pressure 
fluctuations within the pump have periodic characteristics during its operation. In such cases, 
the compression occurs due to rotating impeller blades close to the volute tongue region. It can 
be said that impeller rotation is the reason for pressure fluctuation and the primary source of 
noise (especially if the interaction occurs at the tongue region). In addition, there are several 
other sources, such as mechanical forces and hydraulic forces that can generate noises within 
the pump. These hydraulic and mechanical forces could increase the noise level of the pump 
and eventually damage some parts of the pump leading to a decrease in their performance, such 
as head and efficiency.  
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7.2.1. Acoustic (Noise) due to the Mechanical Sources  
Vibration is regarded as the first common mechanical source of noise in the pump that mainly 
occurs due to several reasons. The first reason being pressure fluctuations inside the pump. The 
second reason being incorrect installations of the pump’s parts, such as couplings and seals, 
which generates mechanical noise and cause bearing rubbing. There are other acoustic sources 
that participate in generating noise in pumps, for instance, pump shaft and cooling fan [78]. 
7.2.2. Acoustic (Noise) due to the Hydraulic Sources  
The hydraulic forces are regarded the second primary sources of acoustic in the pump. Such 
factors include direct liquid movement within the centrifugal pump. The fluid and pressure 
fluctuations interact with rotating impeller blades and the tongue region considered as the main 
reasons for acoustic noise in the pump. Similar to vibration sources, the hydraulic forces in the 
pump has several sources such as the hydraulic imbalance, the recirculation in suction and 
discharge sides, cavitation, flow instabilities, and water hammer [78]. 
7.2.3. Acoustic (Noise) due to the Cavitation in the Centrifugal Pump 
The process of cavitation produces more noise in the pump; such mechanism termed cavitation 
noise occurs due to the liquid pressure at the inlet eye of impeller. This decreases below the 
liquid vapour pressure resulting in very small bubbles emerging and collapsing randomly as a 
consequence of cavitation. Thus, such random bubbles create turbulent acoustic that can be 
analysed in time and frequency domains. The noise in a centrifugal pump can occur due to 
internal pressure fluctuations in the tongue region and a number of various mechanisms (e.g. 
turbulence, flow instabilities, cavitation, high velocities and internal recirculation) [78]. 
Generally, when the pump works at a condition higher than design flow rate it might produce 
more turbulence or cavitation as illustrated in the previous chapter. Whereas when the pump 
operates under low flow rate conditions, the pump may face further internal recirculation. 
Differences in flow rates induce more pressure variation and eventually lead to the occurrence 
of high acoustic, which leads to an increase in noise level of the pump [152]. The higher 
frequencies appear either as a result of interaction between the flowing liquid and the moving 
components (e.g. impeller blades, impeller with volute and cooling fan) or due to the interaction 
between the rotating impeller blades with the nearby volute parts. 
Cavitation is one of the important factors that cause instability in the pump as shown in previous 
chapters (five and six). It occurs in the pump due to insufficient or a decrease in the NPSH 
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when the pump operates under various operation conditions. When cavitation occurs in the 
pump, it causes various unwanted effects such as reduction in head and efficiency of the pump, 
damage to the pump part especially impeller through erosion and pitting on the impeller 
surface. It causes high level of vibration and hence, increases the level of noise. Consequently, 
the cavitation within the centrifugal pump must be decreased. In order to decrease the effect of 
cavitation, the inception and development of cavitation should be detected within the pump. 
To detect and diagnose the inception of cavitation, the emitted acoustic technique could be   
utilised [84]. 
7.3. Review of Applications Acoustic Technique  
The usage of acoustic condition monitoring has several advantages where the acoustic signals 
can be easily obtained, evading safety hazards and the necessity for high-temperature acoustic 
sensors with their related mounting complications [153]. One of the disadvantages that 
undermine the use of such acoustic condition monitoring is that the surrounding sound from 
nearby rotating machines tends to contaminate the microphone sound [153]. However, current 
developments and improvements in acoustic sensors and signal (microphone signals) 
processing methods have facilitated the extraction of valuable diagnostic information [84]. 
Using lower frequency range technique (lower than 20kHz) usually has high noise, single 
related, with different frequencies in the pump such as rotation frequency and blade passing 
frequency and their harmonics. Using the latter technique in order to detect cavitation in the 
centrifugal pump is still in development. Another scope of this research study is to promote the 
use of a microphone with an acoustic range of 0Hz to 15kHz to analyse the acoustic signals for 
detecting cavitation inception. These signals can be used in order to acquire and provide 
reliable results for cavitation detection during different operational conditions of the pump. 
Furthermore, the analyses of acoustic signals are performed using MATLAB code.  
In this study, the microphone was used to acquire the acoustic signals for various operational 
conditions which include different flow rates, pump rotation speeds, different suction valve 
openings and different amounts of air injection in order to predict the different levels of 
cavitation. There are several advantages using microphone to predict cavitation. It is a useful 
sensor mostly due to its simplicity and it is easy to position near or close to any centrifugal 
pump parts or flow loop piping system. It is not a necessity to select the suitable mounting 
surface for microphone sensor near the centrifugal pump as compared with vibration sensor 
(accelerometer). It is therefore easy to set the appropriate space between the pump and the 
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microphone. Also, it is significant to take into account that the microphone needs space when 
it is positioned near the pump. For accurate measurement via microphone the surrounding noise 
should be kept as low as possible [78]. The sample of acoustic signals under the current study 
was selected at 96kHz with a utilised number of data points up to 2880000. For study purposes, 
it is vital to know that the microphone frequency response is almost up to 20KHz. Since the 
acoustic and vibration signals features are almost similar in nature, the acoustic signals were 
analysed using similar techniques adopted for the vibration signals analysis. This will enable 
comparison between both signals using common parameters.  
This study develops an experimental setup as mentioned that in Chapter four and it consists 
many parts. The main part is the centrifugal pump, electric motor, and cooling fan. All these 
parts generate noise through different noise generating mechanisms such as hydrodynamic, 
mechanical, and electromagnetic respectively. This noise that was generated during the 
operation of the centrifugal pump is especially first transferred to the pump surroundings and 
it is transferred to the other flow loop parts such as piping system [78]. 
The level of the noise signal in time and frequency domains depends on various operation 
conditions within the centrifugal pump. In order to detect the inception and development of 
cavitation a detail analysis of the signal will be carried out. In addition, an attempt was made 
to obtain the correlation between the levels of noise amplitude due to cavitation in time and 
frequency domains corresponding various operation conditions.  
This technique (analyse acoustic signal) can be used in this study in order to increase the 
reliability of cavitation detection within a centrifugal pump. Use of both techniques (vibration 
and acoustic) can give a more robust detection cavitation. This chapter will be using similar 
methodology as mentioned in previous chapter. The methodology for detecting cavitation in a 
pump consists of different stages. The first one is a collection of acoustic signals from the pump 
using a microphone, the second stage is the time domain analysis using different statistical 
features and the final stage is frequency domain analysis. The details of acoustic data analysis 
in time and frequency domains under different operation conditions and frequency ranges using 
above methodology are presented and discussed in the next sections. 
  
 
PREDICTION OF CAVITATION WITHIN A CENTRIFUGAL PUMP USING ACOUSTIC ANALYSIS TECHNIQUE 
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
251 
 
7.4. Effect of Various Flow Rates to Predict Cavitation within a Pump using Acoustic 
Technique 
The purpose of this analysis is to investigate the effect of various flow rates on cavitation 
occurrence within a pump. The pump was operated at three stages with different flow rates. 
The first stage has low flow rate, the second stage represents design flow rate and the last stage 
has high flow rate. These three stages were considered for a constant rotating speed of 
N=2755rpm. The complete set of experimental acoustic results can be seen in the next sections.  
7.4.1. The Analysis of the Acoustic Signal Based on Time Domain To Detect Cavitation 
in the pump 
In this research study, the inception and development of cavitation in the centrifugal pump 
were investigated under different experimental measurements with various noise level using 
acoustic technique. To ensure the accuracy and repeatability of the findings, three readings 
were taken for each test conditions. The MATLAB code was used to analyse acoustic signals 
and to identify a set of statistical features for detecting cavitation levels based on acoustic test 
measurements. These instantaneous acoustic signals were analysed under both time and 
frequency domains. This analysis enabled prediction cavitation in the pump. Different 
statistical features were applied for time domain analysis and FFT approach under different 
frequency ranges were adopted for frequency domain. 
In time domain, the amplitude of the above signals varies with respect to time. Based on data 
analysis from the experimental setup, it was observed that there was a trend to the features 
induced by acoustic signals with the changes of flow rate and this trend has helped to establish 
a relationship between induced flow rate and an acoustic signal from the centrifugal pump.  
Figure 7-1 depicts the forms of time waves analysis for the acoustic signals based on different 
flow rates at pump rotation speed of 2755rpm. It can be noticed that when the flow rate is lower 
than design flow rate of 300(l/min), there is no significant change in the characteristics of 
acoustic signals. It can be clearly seen there is a significant difference in the characteristics of 
acoustic signals at a high flow rate higher than 350(l/min) in terms of shapes and amplitudes. 
There are two possible reasons behind these changes in acoustic signal. The first is due to the 
high interaction between the impeller and volute. The second is mostly due to the initiation of 
the cavitation process start in the pump, which is the result in higher NPSHR value than 
  
 
PREDICTION OF CAVITATION WITHIN A CENTRIFUGAL PUMP USING ACOUSTIC ANALYSIS TECHNIQUE 
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
252 
 
NPSHA at high flow rate as is mentioned in the previous chapter. By comparing these figures, 
it can be concluded that acoustic signals are sensitive to detect cavitation within a pump. 
 
Figure 7-1: Analysis of the acoustic signal in TWFA under various flow rates at N=2755rpm 
In order to establish a relationship between the acoustic amplitude and cavitation occurrence 
within the pump, further more analysis of these acoustic signals is required using effective 
features, which will be discussed in the next section.  
7.4.2. Analysis of the acoustic Signal to Detect Cavitation using Peak, RMS Peak-to-Peak 
and Variance Features 
The various experimental tests were carried out under various pump capacities of flow rates 
and the following results for microphone signals were obtained. Figure 7-2 (a) depicts these 
signals that were acquired from an acoustic microphone, at various flow rates, using different 
statistical features such as peak and RMS values that were calculated using experimental 
microphone data sets in order to analyse and predict cavitation within the pump. It can be 
observed that if the pump works lower than design flow rate 300(l/min), then there is further 
hydraulic noise due to the internal recirculation which occurs at the discharge and suction 
regions within an impeller. Also, when the pump operates at a higher flow rate than design 
flow rate 300(l/min), the overall noise increases due to flow turbulence, additional hydraulic 
noise and cavitation. In addition, from this figure, it can be apparent that when the flow rate is 
lower than 350(l/min), with a N=2755rpm, there is no significant change in  both the trend of 
peak and RMS features. However, when the flow rate increases from 350(l/min), the amplitude 
of acoustic signals increase rapidly and hence increase the peak and RMS values as shown in 
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Figure 7-2 (a). The reason behind the increased level of acoustic amplitude is the occurrence 
of cavitation. That means, when cavitation happens in the pump, the pressure at the eye of the 
impeller decreases lower than vapour water pressure. This initiates the formation of small 
bubbles and subsequent collapse. The collapse of these bubbles consequently changes the level 
of noise. In other words, when the pump works under high flow rate, the NPSHR will be higher 
than NPSHA. At this flow rate, a pump will operate under cavitation conditions and this leads 
to an increase in the level of acoustic signals as was mentioned in the previous chapter. As a 
result, it can be noticed that increases in the level of acoustic signals provide an initial 
indication when the pump works under cavitation conditions. 
  
(a) Peak and RMS                                       (b) Peak-to-peak and variance 
Figure 7-2: Trends of different statistical features of the acoustic signal in time domain signal 
at 2755rpm 
For further analysis of acoustic microphone signal using different statistical features such as 
peak-to-peak and variance values, Figure 7-2 (b) depicts the analysis of acoustic signals based 
on time domain through the use of the above features under different flow rates and a 
N=2755rpm. It can be observed that the peak-to-peak and variance features have the same trend 
as compared to peak and RMS features in the previous figures, this means when the flow rate 
of the pump is increased more than 350(l/min), the acoustic microphone signals are increased. 
The reason for this is when the flow rate increases, the pump has to operate under cavitation 
conditions and hence the noise within the pump is increased. As the flow operation conditions 
within the pump are changing, this leads to an increase in the noise level, the noise level then 
rapidly increases when the cavitation develops in the pump. The flow rate in the centrifugal 
pump is a very significant factor because it has more effect on the inception and development 
of cavitation. When the pump works at high velocity and high flow rate, the cavitation in the 
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pump starts to develop quicker. It is clear that the cavitation is an important point in the pump, 
and it should be predicted and diagnosed. Therefore, the characteristics of cavitation noise can 
be utilised in order to analyse and predict the inception and full development of cavitation in 
the pump. 
As a result, from the above understandings, it can be concluded that the inception and 
development of cavitation in the pump are highly dependent on the flow rate.  
The results revealed that by analysing the acoustic signal obtained by the microphone, using 
different statistical features could provide a good indication of cavitation. In comparison, 
between the trends for the same statistical feature such as peak, RMS, peak-to-peak and 
variance values by using different approaches such as acoustic and vibration signal techniques, 
it can be observed that both techniques have the same trends. For both cases, there is no 
significant change on the featured values under low flow rates. However, at higher flow rates 
(higher than350 (l/min)) the values increase rapidly. The result revealed that the use of 
vibration signal technique provides a more obvious indication of different levels of cavitation 
in the pump as compared to acoustic technique signal. The results also showed that the variation 
in the acoustic level in time domain due to change in the flow rate within a pump agreed with 
the characteristics of cavitation displayed in Figure 6-4. 
7.4.3. The Analysis of the Acoustic Signal Based on Frequency Domain 
The recorded acoustic signals were analysed in the frequency domain using FFT technique via 
MATLAB code. In this present study, the high and lower frequency ranges (lower than 20kHz) 
were used for detecting cavitation within a centrifugal pump. The important reason of using 
this technique is to decrease the cost of the microphone. The details of frequency domain under 
different flow rates and various frequency ranges are presented and discussed in the next 
sections. 
7.4.4. The Analysis of Baseline Frequency at Design Flow Rate  
As discussed in the previous chapter, the baseline frequency is important, as it will be utilised 
as a reference value in order to compare and measure when the pump operates under different 
operation conditions.  
Figure 7-3 depicts the analysis of acoustic signals (baseline spectrum frequency) in frequency 
domain at a design flow rate equal to 300(l/min) and N=2755rpm. In order to obtain more 
information regarding the dominant frequencies for this baseline spectrum frequency for this 
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signal is shown in a frequency range of 0Hz to 1kHz. It can be observed that there are different 
types of frequencies in this range. As illustrated in Figure 7-3, the dominate frequencies are 
rotation frequency 45.92Hz and its harmonics 91.84Hz, 137.76Hz, 275,52Hz, and 321.44Hz 
respectively. The second is blade passing with a frequency of 229.6Hz and also its second 
harmonic was 459.2Hz. Another frequency that was shown is due to the motor and cooling fan. 
Furthermore, it can be seen that in this frequency range there are other frequencies with various 
levels of amplitudes. Because the microphone is very sensitive to any surrounding noise and 
the electric field around the pump has generated some unwanted noise, these frequencies could 
be generated due to any sound in the laboratory or due to the electric field flux of the motor. 
Further noise will appear in the system when the inception of cavitation starts to occur inside 
the pump. This type of noise is called cavitation noise, which is random in nature. 
 
Figure 7-3: Baseline frequency of the acoustic signal range from 0Hz to 1kHz at design flow 
rate 
7.4.5. The Analysis of the Acoustic Signals to Detect Cavitation in Frequency Domain 
under Various Flow Rates 
This current study is aimed to investigate the cavitation within the pump under different 
operation conditions. For further analysis, in the next section the three-dimensional figure was 
plotted to illustrate relationship between different parameters. This figure allows for comparing 
more than one acoustic signal in frequency domain and hence it can be illustrated how the 
acoustic amplitude in frequency domain changes within the centrifugal pump for various 
operational conditions. 
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Figure 7-4 (a) depicts the acoustic signals based on frequency domain, through the use of a low 
range of frequency 0Hz-1kHz under different flow rates and N=2755rpm. It can be seen that 
when the pump works at a capacity flow rate less than 350(l/min), there is no significant change 
in the level of acoustic amplitude signal. However, the important change in the level of acoustic 
amplitude occurred at the capacity of the pump higher than 350(l/min), the acoustic amplitude 
is increased when the flow rate is increased. From the above findings, it can be concluded that 
the reason behind the increased noise level of the centrifugal pump is the high interaction 
between the impeller and volute and mostly the cavitation inception under high flow rate. The 
levels of acoustic amplitudes of the frequencies are increased as the flow rate is increased which 
means it can be used as a good indication for detecting inception and development of cavitation 
in a pump. It can also be observed that there are various frequencies in the low range of 
frequency as shown in this figure. The dominate frequencies are rotation frequency 45.9Hz and 
its harmonics and the second one is BPF which is 229.5Hz for all cases under investigation.  
 
(a)                                                             (b) 
Figure 7-4: Acoustic signal in frequency domain under various flow rates and frequency 
range from (a) 0Hz-1kHz to (b) 1kHz-2kHz at 2755rpm 
Futheromre, Figure 7-4 (b) depicts the acoustic signals amplitude against frequency with a 
frequency range of 1kHz to 2kHz under different flow rates and N=2755rpm. It can be seen 
that at this range of acoustic frequency, the results showed that a small change in acoustic 
amplitude when the pump works at lower than 350(l/min), but a rapid increase in acoustic 
amplitude signals was observed at a flow higher than 350(l/min). The reason behind this is 
because the cavitation has occurred at high flow rate, consequently the NPSHA was lower than 
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NPSHR in this case. The rotational frequency and BPF is also dominating in this this range as 
well as observed for the previous range.   
To further analyse and detect cavitation within a centrifugal pump, the acoustic signals are 
plotted in frequency domain at a higher range as shown in Figure 7-5. Two ranges were chosen 
for this investigation. The first has range of (a) 2kHz to 10kHz and the second one is (b) 10kHz 
to 15kHz for different flow rates and N=2755rpm. In both cases, (2kHz to 10kHz and 10kHz 
to 15kHz) when the flow rate is below 350(l/min) no significant change in the amplitude level 
of acoustic signal was noticed for low band frequencies. However, significant increase is 
observed at higher than flow rates 350(l/min). At high flow rate, the cavitation creates an 
increase in the noise level. It can be concluded that the lower noise value indicates the noise 
level before cavitation inception, whereas the high amplitude noise value indicates the 
inception cavitation has occurred within the pump, which develops with flow rate increase. 
This means the cavitation within the pump is a significant factor to increase the level of noise.  
The increase in the noise level can be observed at the high flow rate, which is due to the 
development of cavitation within a pump at that time. Due to increase in the flow rate, the 
velocity of flow increases, which decreases the inlet, pressure in this area. When the cavitation 
starts to occur, the number of vapour bubbles increases and implosions of bubbles surrounding 
the surface of the impeller increases the turbulence at the inlet eye of the impeller. Hence, the 
noise level increases. In addition, it can be clearly seen that the range of frequency 10kHz to 
15kHz was more sensitive to predict the cavitation as compared to a range of frequency 2kHz 
to 10kHz and low range of frequency 0Hz to 2kHz as there are many acoustic amplitudes peaks 
in frequency range 10kHz to 15kHz as compared to other frequency ranges. As a result, from 
above findings, it can be concluded that the analysis of acoustic signals in frequency domain 
using different frequency ranges may provide useful information regarding prediction of 
cavitation within a pump.  
  
 
PREDICTION OF CAVITATION WITHIN A CENTRIFUGAL PUMP USING ACOUSTIC ANALYSIS TECHNIQUE 
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
258 
 
 
(a)                                                                         (b) 
Figure 7-5: Acoustic signal in frequency domain under various flow rates and frequency 
range from (a) 2kHz-10kHz to (b) 10kHz-15kHz at 2755rpm 
7.4.6. Analysis of the Acoustic Signal in Frequency Domain using Various Statistical 
Features 
As illustrated in the previous section, the use of three-dimension figures for the acoustic 
amplitude at different frequency ranges can provided more knowledge regarding cavitation 
process in the pump. This section analysed the acoustic amplitude signals in the frequency 
domain through the use different statistical features such as mean and RMS values. Different 
ranges of frequencies were also used in order to obtain more details regarding the acoustic 
signal.  
7.4.7. Analysis of the Acoustic Amplitude in Frequency Domain using Mean Feature 
For further investigation, the mean feature of the acoustic signals in frequency domain was 
analysed under different flow rates with a range of 0Hz to 15kHz, in order to reduce the 
microphone cost and to find the sensitive range of frequency to detect cavitation. 
Figure 7-6 depicts the mean value of the acoustic amplitude signals in the frequency domain 
under different frequency ranges (0Hz–1kHz), (1kHz–2kHz), (2kHz–10kHz) and (10kHz–
15kHz), at various flow rates and N=2755rpm. It can be seen that from mean acoustic 
amplitude value there is no significant change when the pump operates at a lower flow rate 
than 300(l/min). However, it can be clearly noticed that the rapid increase in level of acoustic 
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amplitude occurs at a flow rate higher than 350(l/min) due to cavitation. It occurs at high flow 
rate that leads NPSHR to be higher than NPSHA. From the above findings, it can be concluded 
that the use of mean value to analyse the amplitude of acoustic signals in frequency domain 
can provide a good indication in order to detect cavitation. Increased acoustic amplitude 
indicates severe cavitation within a pump.  
 
Figure 7-6: Mean acoustic amplitude value of the acoustic frequency range from 0Hz to 
10kHz at 2755rpm 
7.4.8. Analysis of the Acoustic Amplitude in Frequency Domain using RMS Feature 
Figure 7-7 depicts the analysis of acoustic amplitude using RMS feature for different ranges of 
frequencies which were, (0Hz–1kHz), (1kHz–2kHz), (2kHz–10kHz) and (10kHz–15kHz), 
under operational conditions including different flow rates and N= 2755rpm. It is clear there is 
the same trend of the acoustic amplitude as the mean feature. Values of the acoustic amplitude 
increase rapidly at a high flow rate greater than 350(l/min). During the investigation in this 
research study, it can be concluded that the analysis of acoustic amplitude for different ranges 
of frequencies from 0Hz to 15kHz are effective to predict cavitation, especially in the low range 
of frequency from 1 to 2kHz.  
Analysis of acoustic signal in frequency domain using the mean and RMS acoustic amplitude 
features at various frequency ranges starting from 0Hz to15kHz, shows the same trend when 
cavitation occurs within the pump. This investigation indicates that a low range frequency can 
be used to identify the cavitation in the pump. Hence, a low-cost microphone with lower 
frequency range can be used instead of a microphone which has high-frequency ranges and 
consequently decreases the cost. The results showed that the variation in the acoustic amplitude 
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level in frequency domain with respect to changes in the flow rate for different frequency 
ranges within a pump, agreed with characteristics of cavitation as displayed in Figure 6-4. 
In summary, it can be noticed that the trends of results obtained through the use of acoustic 
technique are similar as compared to vibration technique results. Therefore, it can be concluded 
that both techniques can be used for condition monitoring of the cavitation in pumps. 
 
Figure 7-7: RMS acoustic amplitude value of the acoustic frequency range from 0Hz to 
15kHz at 2755rpm 
7.5. Effect of Various Pump Rotational Speeds to Detect Cavitation within a Pump using 
Acoustic Technique  
As clearly seen in previous chapters, the flow field analysis and cavitation process, as well as 
instabilities in the flow within a centrifugal pump, were directly changed as a result of the 
different operating conditions. Therefore, in further investigations, the effects of various pump 
rotational speeds on detection of the different levels of cavitation in the pump can be studied. 
To achieve this experimentally, different pump rotational speeds (2610, 2320, and 2030rpm) 
were chosen for this analysis purpose. The next sections represent the results obtained from the 
experimental calculation under different rotational speeds. 
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7.5.1. Analysis of the Acoustic Signal using Various Statistical Features at Different 
Pump Rotational Speeds 
Figure 7-8 depicts the different statistical features namely peak, RMS, peak-to-peak and 
variance values under various flow rates and different pump rotational speeds of the 
aforementioned cases for comparison purposes. It can be evident that the maximum peak 
feature for N=2755rpm is considerably higher than for the other three cases N=2610rpm, 
N=2320rpm and N=2030rpm by 13.38%, 15.48%, and 35.60%. Also, the maximum RMS 
value by 11.72%, 29.98%, and 52.53% is considerably higher than for the other cases and the 
maximum peak-to-peak by 13.02%, 13.45%, and 33.24% with the maximum variance value 
by 16.66%, 42.19%, and 75.93% respectively. It can also be seen that the minimum peak, RMS, 
peak-to-peak and variance values for N=2755rpm is considerably also higher than for the other 
three cases as summarised in Table 7-1 and  
Table 7-2 From above findings, it can be concluded that the pump rotational speed is 
proportionally increased with an increase of the acoustic amplitude. Due to the high 
interactions between the water and blades of impeller, the interactions between the impeller 
and volute are also an importance factor contributing to the occurrence of cavitation increasing 
as the pump rotational speed increases. 
Table 7-1 Summary of the maximum statistical features for the acoustic amplitude in time 
domain at different rotational speeds 
Rotational speed Peak RMS peak-to-peak variance 
(rpm) (Pa) (Pa) (Pa) (Pa) 
2755 0.0466 0.0424 0.0156 0.0084 
2610 0.0388 0.0355 0.0155 0.0083 
2320 0.0345 0.026 0.0109 0.0062 
2030 0.0229 0.0151 0.0064 0.0033 
 
Table 7-2 Summary of the minimum statistical features for the acoustic amplitude in time 
domain at different rotational speeds 
Rotational speed Peak RMS peak-to-peak variance 
(rpm) (Pa) (Pa) (Pa) (Pa) 
2755 3.7847 0.9163 7.3801 0.8403 
2610 3.5571 0.8566 6.9028 0.7343 
2320 2.6618 0.6483 5.2194 0.4206 
2030 2.1776 0.5264 4.2579 0.2773 
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        (a) Peak                                                            (b) RMS
  
     (c) Peak-to-peak                                         (d) Variance 
Figure 7-8: Comparison between different statistical features of the acoustic amplitude in 
time domain under different rotational speeds 
7.5.2. The Analysis of the Acoustic Signal Based on Frequency Domain at Different 
Pump Rotational Speeds 
Figure 7-9 depicts the acoustic signals in frequency domain at different frequency ranges of 
from 0Hz-1kHz to 1kHz-2kHz under different flow rates and pump rotational speeds are 2610, 
2320, and 2030rpm. It can be seen that there is no significant change in the level of amplitude 
of the acoustic signals when the pump works at a capacity lower than 350(l/min). However, a 
small increase in the level of amplitude of the acoustic signal occurred at flow rate higher than 
350(l/min). It is also seen that there are various frequencies at this low range of frequency as 
shown in this figure. These dominant frequencies includes the rotation frequency and its 
harmonics, the BPF and their harmonics and also frequencies that are due to the noise from the 
environment, especially around the microphone, for all cases being investigation. Furthermore, 
the acoustic amplitude was increased with rotational speed increased. 
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(a)                        N=2610rpm                        (b) 
 
(a)                        N=2320rpm                        (b) 
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(a)                        N=2030rpm                        (b) 
Figure 7-9: Acoustic signal in frequency domain under various flow rates and frequency 
range from (a) 0Hz-1kHz to (b) 1kHz-2kHz  
From the above analysis findings, it can be concluded that the reason behind the increase in the 
acoustic level for the centrifugal pump is due to the inception of cavitation that occurs under 
high flow rate.  
For further investigations, Figure 7-10 depicts the analysis of the acoustic signal in the 
frequency domain using mean statistical feature values under various flow rates and different 
pump rotational speeds for the various range of frequencies 0Hz-1kHz, 1kHz-2kHz, 2kHz-
10kHz, and 10kHz-15kHz. For comparison purposes of the above cases, it can be seen that the 
maximum mean value for N=2755rpm is considerably higher than for the other three cases 
N=2610rpm, N=2320rpm, and N=2030rpm. Also, from above findings, it can be noticed that 
the pump rotational speed is proportional to the increase of the acoustic amplitude which means 
when the pump rotational speed is increased this leads to an increase of the acoustic amplitude 
as summarised in Table 7-3, due to the same reasons as in the previous figure. It is also seen 
from these figures that the minimum mean acoustic amplitude value increases as the pump 
rotational speed increases as summarised in Table 7-4. 
Table 7-3 Summary of the results comparison for the maximum mean acoustic amplitude 
features at different rotational speed and frequency ranges 
Rotational 
speed 
Mean value 
0Hz-1kHz 
Mean value 
1kHz-2kHz 
Mean value 
2kHz-10kHz 
Mean value 
10kHz-15kHz 
(rpm) (Pa) (Pa) (Pa) (Pa) 
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2755 0.0466 0.0424 0.0156 0.0084 
2610 0.0388 0.0355 0.0155 0.0083 
2320 0.0345 0.0260 0.0109 0.0062 
2030 0.0229 0.0151 0.0064 0.0033 
Table 7-4 Summary of the results comparison for the minimum mean acoustic amplitude 
features of the pump at different rotational speed and frequency ranges 
Rotational 
speed 
Mean value 
0Hz-1kHz 
Mean value 
1kHz-2kHz 
Mean value 
2kHz-10kHz 
Mean value 
10kHz-15kHz 
(rpm) (Pa) (Pa) (Pa) (Pa) 
2755 0.0205 0.0131 0.0061 0.0011 
2610 0.019 0.0115 0.0057 0.0012 
2320 0.0157 0.0087 0.0042 0.0012 
2030 0.0127 0.0062 0.0040 0.0010 
  
         (a) 0Hz-1kHz                                           (b) 1kHz-2kHz 
  
         (c) 2kHz-10kHz                                           (d) 10kHz-15kHz 
Figure 7-10: Comparison between mean acoustic amplitude values in frequency domain for 
different rotational speeds and frequency ranges  
Figure 7-11 depicts the analysis of the acoustic signal in the frequency domain using RMS 
statistical feature under various flow rates and different pump rotational speeds for the different 
range of frequencies 0Hz-1kHz, 1kHz-2kHz, 2kHz-10kHz, and 10kHz-15kHz, of the 
aforementioned cases for comparison purposes. It can be seen that the maximum RMS value 
for N=2755rpm is considerably higher than for the other three cases N=2610rpm, N=2320rpm, 
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and N=2030rpm. It is also further noticed that from these figures the maximum and minimum 
RMS acoustic amplitude value increases as the pump rotational speed increases as summarised 
in Table 7-5 and Table 7-6. 
Table 7-5 Summary of the results comparison for the maximum RMS acoustic amplitude 
features for the under at different rotational speed and of frequency ranges 
Rotational 
speed 
RMS value 
0Hz-1kHz 
RMS value 
1kHz-2kHz 
RMS value 
2kHz-10kHz 
RMS value 
10kHz-15kHz 
(rpm) (Pa) (Pa) (Pa) (Pa) 
2755 0.0604 0.0510 0.0198 0.0087 
2610 0.0499 0.0427 0.0197 0.0085 
2320 0.0480 0.0307 0.0132 0.0064 
2030 0.0327 0.0220 0.0081 0.0035 
Table 7-6 Summary of the results comparison for the minimum RMS acoustic amplitude 
features for the at different rotational speed and of frequency range 
Rotational 
speed 
RMS value 
0Hz-1kHz 
RMS value 
1kHz-2kHz 
RMS value 
2kHz-10kHz 
RMS value 
10kHz-15kHz 
(rpm) (Pa) (Pa) (Pa) (Pa) 
2755 0.0252 0.0160 0.0084 0.0012 
2610 0.0215 0.0134 0.0080 0.0012 
2320 0.0164 0.0098 0.0064 0.0012 
2030 0.0108 0.0070 0.0054 0.0011 
  
         (a) 0Hz-1kHz                                           (b) 1kHz-2kHz 
  
         (c) 2kHz-10kHz                                           (d) 10kHz-15kHz 
Figure 7-11: Comparison between RMS acoustic amplitude values in frequency domain for 
different rotational speeds and frequency ranges  
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7.6. Summary of the Analysis of Different Flow Rates and Pump Rotational Speeds 
using Acoustic Technique 
A detailed analysis into the effect of different flow rates and pump rotational speeds, through 
the use of acoustic signals, in order to detect cavitation within a centrifugal pump revealed the 
following results: 
1. The acoustic signal analysis in time domain using different statistical features can provide 
an initial indication to determine when cavitation was occurred in the pump. 
2. The level of acoustic amplitude is directly proportional to the pump flow rate, which 
increases as the flow rate increases. 
3. The level of noise signal increases when the pump operates under cavitation condition. 
4. The frequency domain was a satisfactory technique to predict the inception and development 
of cavitation within a pump. 
5. There are various frequencies in frequency domain for the acoustic signal, which are the 
rotation frequency and its harmonics, BPF and other frequencies due to environmental noise 
around the pump. 
6. The analysis on the acoustic signals in frequency domain using different range of 
frequencies provides good information regarding the prediction of cavitation in the pump. 
7. The use of mean and RMS acoustic amplitude values to analyse acoustic frequency under 
various frequency ranges starting from 0Hz to15kHz provides good indication for detecting 
cavitation within a pump. 
8. The analysis of variation in the level of acoustic amplitude under different flow rate in time 
domain by using different statistical features and also in frequency domain under different 
range of frequencies, show a good agreement with the characteristics of cavitation, 
presented using the NPSH curve in Chapter six. 
9. The maximum statistical features in time domain for N=2755rpm are considerably higher 
than for the other cases. 
10. The mean and RMS feature values under N=2755rpm are considerably higher than for the 
other three cases. 
11. The results show that using low-frequency range between 1kHz and 2kHz was sensitive to 
predict cavitation in the pump. Therefore, it is possible to use a microphone with a low range 
of frequency, which then leads to decrease in the cost of the sensor when compared to using 
a microphone with a high range frequency. 
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12. The results of NPSH in the previous chapter showed that when the value of NPSH is 
reduced, inception of cavitation starts to occur and develops further within a pump. It can 
be clearly seen that the level of noise rapidly increases with the increase in the different 
level of cavitation. It can also be observed that the value of noise level reaches its highest 
value under full development of cavitation. 
13. A series of experimental tests were carried out to collect the acoustic signal from a 
centrifugal pump. Based on these results, it can be concluded that the acoustic technique is 
effective to detect the different levels of cavitation.     
14. Both techniques (vibration and acoustic) appear to have approximately the same 
characteristics for detecting the different level of cavitation at various operating conditions. 
7.7. Effect of Suction Valve Opening on the Level of Acoustic Signal to Predict 
Cavitation within a Centrifugal Pump  
To analyse the various levels of cavitation under different operation conditions, the effect of 
the decrease in the inlet pressure of a centrifugal pump can be investigated through controlling 
the inlet suction valve openings. The acoustic signal can be collected from the experimental 
setup of the centrifugal pump under different suction valve openings using microphone at 
various flow rates of 103, 200, 302(l/min), which were selected for this analysis. The flow at 
the suction and discharge sides of the pump was adjusted through the two valves. The suction 
valve of the pump is used to control the inlet pressure between the inlet pipe and the inlet 
impeller in order to simulate cavitation condition through decreasing the pressure at the inlet 
pipe below the water vapour pressure. The suction valve is first fully open (at 100%) and then 
changed through throttling of the valve progressively, step by step at 10% intervals until 
cavitation occurs due to decrease of the inlet pressure in the inlet pipe. The pump rotational 
speed N=2755rpm is constant. The next sections represent and analyse the acoustic signal that 
were obtained from the experimental test based on the different suction valve openings. 
7.7.1. Analysis on the Acoustic Signals in Time Domain under Different Suction Valve 
Openings at Flow Rate of 103(l/min) 
This section was analysed the acoustic signals in time domain using the same various statistical 
features such as peak, RMS, peak-to-peak and variance values in order to obtain more details 
regarding the change in the acoustic amplitude under different suction valve openings and 
hence, to predict cavitation within a pump based on different operation conditions.  
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Figure 7-12 depicts the analysis of the acoustic signal for the pump, using the above mentioned 
features, at different suction valve openings. It can be seen from these figures that there is no 
significant change in the trend for the acoustic amplitude when the pump operates between 
suction valve openings of 100% and 40%. However, the trends for the above features rapidly 
increase when the pump operates between the suction valve openings of 40% to 35%. The main 
reason is because when the suction valve openings decreases, it leads to decrease in the inlet 
suction pressure below the water vapour pressure. In that case, cavitation starts to occur within 
a pump and it rapidly increases when the inlet suction pressure continuously decreases. Due to 
these conditions, cavitation should be fully developed which then causes quick reduction in the 
performance of the pump. It can be observed that the above results were agreed with vibration 
results in previous chapter.   
  
               (a) Peak and RMS                                          (b) Peak-to-peak, and variance 
Figure 7-12: Trends of different statistical features of the acoustic signal in time domain at 
different suction valve openings at 103(l/min) 
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7.7.2. Analysis of the Acoustic Signal in Frequency Domain under Different Suction 
Valve Openings at Flow Rate of 103(l/min) 
Figure 7-13 (a) depicts the acoustic signals in frequency domain under various suction valve 
openings, corresponding to the occurrence of cavitation within the pump at flow rate of 
103(l/min), N=2755rpm and for 0Hz to 1kHz range of frequency. It can be observed that the 
acoustic peak amplitude was occurred at two dominant distinctive frequencies. The first one is 
the rotational frequency at 45.9Hz and the second is BPF at 229.58Hz, and their harmonics. It 
can be seen from this figure that no significant change occurs in the level of acoustic amplitude 
when the pump operates between suction valve openings of 100% and 40%. However, at this 
range of frequency, it can be seen that there is a small change in the acoustic amplitude when 
the pump operates between suction valve openings of 40% and 35%. Therefore, it can be 
concluded that this range of frequency was effective to predict cavitation within a pump.  
 
(a)                                                                (b) 
Figure 7-13: Acoustic signal in frequency domain under various suction valve opening and 
the frequency range from (a) 0Hz-1kHz to (b) 1kHz-2kHz at 103(l/min) 
For more details, Figure 7-13 (b) depicts the analysis on the acoustic signal at range of 
frequency between 1kHz and 2kHz in order to obtain more information regarding the prediction 
of cavitation in the pump. The same two dominated frequencies can be observed as in the 
previous range of frequency. The first one is the rotational frequency while the second is the 
BPF and their harmonics. It can be observed from this figure that there is no change in the 
acoustic amplitude between suction valve openings 100% and 40% as changes in the acoustic 
amplitude occurs when the pump operates between suction valve openings from 40% and 35%. 
The reason for this is because when cavitation occurs within the pump it generates smaller 
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bubbles and the collapse of these bubbles inside the pump then create more random noise, 
hence, the amplitude of acoustic amplitude increases. It can be observed from this that this 
range of frequency is also effective to predict cavitation as many high peaks occur in the 
acoustic amplitudes after suction valve opening of 40% as shown in this figure. 
It can be noticed that analysis in the level of acoustic amplitude in 1kHz to 2kHz range of 
frequencies provides suitable indication to predict cavitation. 
In order to obtain more information regarding acoustic signal in frequency domain, Figure 7-14 
and Figure 7-15 depict the mean and RMS acoustic amplitude features that were calculated 
from the frequency domain at the different suction valve openings. It can be seen that the mean 
and RMS acoustic amplitude features for the various range of frequencies have approximately 
the same trend for the different suction valve openings. Also, there is a small change between 
the suction valve openings from 100% to 40%, which then increases for the suction valve 
openings between 40% and 35% due to the operation of the pump at certain flow rate through 
the fixed discharge valve. After that, the suction valve was progressively closed until the 
occurrence of cavitation at the suction side of the pump, which leads to the generation of high 
noise and vibration. The reason for this is due to the high amount of bubbles that were formed 
making these bubbles clearly visible at the inlet pipe. It can be concluded from these figures 
that the range of frequency between 0Hz and 2kHz was sensitive for detection of the occurrence 
of cavitation within a pump under different suction valve openings. Moreover, the above results 
were agreed with vibration results in previous chapter. 
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Figure 7-14: Mean acoustic amplitude value of the frequency range from 0Hz to 15kHz at 
103(l/min) 
 
Figure 7-15: RMS acoustic amplitude value of the frequency range from 0Hz to 15kHz at 
103(l/min) 
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7.7.3. Analysis on the Acoustic Signals in Time Domain under Different Suction Valve 
Openings and Flow Rates 
Figure 7-16 depicts the various statistical features which include the peak, RMS, peak-to-peak 
and variance values under different flow rates and different suction valve openings for 
comparison purposes for the aforementioned cases. It can be observed that the maximum peak 
value for Q=302(l/min) is considerably higher than for the other two cases Q=200(l/min), and 
Q=103(l/min) by 35.59% and 72.03%. Also for the maximum RMS value, it is higher by 
32.47%, and 65.81% for the other two cases. For the maximum peak-to-peak, it is higher by 
33.88%, and 70.44%, and for the maximum variance value by 54.09%, and 88.34% 
respectively as shown in Table 7-7. From the above findings, it can be concluded that the 
suction valve opening is inversely proportional to increase in the acoustic amplitude. This 
means that when the suction valve opening decreases, it leads to increase in the acoustic 
amplitude.  
  
        (a) Peak                                                            (b) RMS
 
     (c) Peak-to-peak                                         (d) Variance 
Figure 7-16: Comparison between different statistical features of the acoustic signal in time 
domain under different flow rates and suction valve openings 
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Table 7-7 Summary of the maximum statistical features results for the acoustic amplitude at 
different flow rates  
Flow rate Peak RMS Peak-to-peak Variance 
(l/min) (Pa) (Pa) (Pa) (Pa) 
103 7.03 1.36 13.09 1.87 
200 7.60 1.58 14.34 2.52 
302 11.80 2.34 21.69 5.49 
It can be concluded that the use of the above statistical features for the acoustic amplitude 
provides a good indication regarding the cavitation occurrence in the pump. Also, the results 
showed that the level of acoustic stability of a pump is associated directly with the suction 
valve opening under different flow rates.  
7.7.4. Analysis of the Acoustic Signal in Frequency Domain under Different Suction 
Valve Openings and Flow Rates  
Figure 7-17 depicts the analysis on the acoustic signal at different flow rates of 200 and 
302(l/min), N=2755rpm, under different inlet suction valve openings, and for the range of 
frequency from (0Hz-1kHz) to (1kHz-2kHz). It can be seen that the first peak acoustic 
amplitude was at frequency 49.5Hz, representing the rotational frequency with the second, third 
and fourth harmonics at 91.8, 173.75, and 183.66Hz respectively. The second dominant peak 
acoustic amplitude was at frequency 229.58Hz, representing the BPF. The peak acoustic 
amplitude considerably increases upon cavitation occurrence in the pump. Furthermore, it is 
obvious that acoustic amplitude follows the same trend as in the previous case where 
Q=103(l/min). For Q=200(l/min) no significant change occurred in the level of the acoustic 
amplitude under suction valve openings between 100 and 50%. However, the change in 
acoustic amplitude was relatively higher at suction valve openings between 50 and 45%, 
compared to the suction valve openings between 100 and 50%. Furthermore, for Q=302(l/min) 
the change in acoustic amplitude was relatively higher at the suction valve openings between 
60 and 50% when compared to the suction valve openings between 100 and 60% due to the 
cavitation condition. 
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(a)                        Q=200(l/min)                        (b) 
 
(a)                        Q=302(l/min)                        (b) 
Figure 7-17: Acoustic signal in frequency domain under various suction valve opening and 
the frequency range from (a) 0Hz-1kHz to (b) 1kHz-2kHz at 200 and 302(l/min) 
For comparison purposes Figure 7-18 and Figure 7-19 depict the mean and RMS acoustic 
amplitudes in frequency domain for the different range of frequencies including 0Hz-1kHz, 
1kHz-2kHz, 2kHz-10kHz, and 10kHz-15kHz, under different suction valve openings and flow 
rates for the aforementioned cases. The maximum mean acoustic amplitude value at different 
suction valve openings can be observed at Q=302(l/min) for 0Hz-1kHz range of frequency, is 
considerably higher than for the other two cases Q=200(l/min), and Q=103(l/min) by 29.42% 
and 35.66%. In addition, for 1kHz-2kHz range of frequency, it is higher than for the other two 
cases by 37.35%, and 49.56%. Also for 2kHz-10kHz range of frequency, it is higher by 
36.25%, and 47.50%, and for 10kHz-15kHz range of frequency, it is higher by 52.38%, and 
59.52% respectively as summarised in Table 7-8. The RMS value has the same mean value 
trend as it did for when Q=302(l/min), which is also considerably higher than for the other two 
cases (Q=200(l/min) and Q=103(l/min)) at different suction valve openings as summarised in 
Table 7-9. 
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Table 7-8 Summary of the maximum mean acoustic amplitude values at different flow rates 
and suction valve openings and for frequency range (0Hz-15kHz) 
Flow rate Mean value 
0Hz-1kHz 
Mean value 
1kHz-2kHz 
Mean value 
2kHz-10kHz 
Mean value 
10kHz-15kHz 
(l/min) (Pa) (Pa) (Pa) (Pa) 
103 0.0341 0.0217 0.0084 0.0017 
200 0.0375 0.0270 0.0102 0.0020 
302 0.0530 0.0431 0.0160 0.0042 
Table 7-9 Summary of the maximum RMS acoustic amplitude values at different flow rates 
and suction valve openings and frequency range (0Hz-15kHz) 
Flow rate RMS value 
0Hz-1kHz 
RMS value 
1kHz-2kHz 
RMS value 
2kHz-10kHz 
RMS value 
10kHz-15kHz 
(l/min) (Pa) (Pa) (Pa) (Pa) 
103 0.0432 0.0320 0.0134 0.0017 
200 0.0468 0.0382 0.0165 0.0021 
302 0.0674 0.0591 0.0240 0.0043 
 
(a) 0Hz-1kHz                                                   (b) 1kHz-2kHz 
 
(a) 2kHz-10kHz                                            (b) 10kHz-15kHz 
Figure 7-18: Comparison between mean acoustic amplitude values in frequency domain for 
different frequency ranges under different flow rates and suction valve openings 
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(a) 0Hz-1kHz                                                   (b) 1kHz-2kHz 
 
(a) 2kHz-10kHz                                            (b) 10kHz-15kHz 
Figure 7-19: Comparison between RMS acoustic amplitude values in frequency domain for 
different frequency ranges under different flow rates and suction valve openings 
7.8. Summary of the Analysis of Different Suction Valve Openings 
A detailed analysis of the effect of the different suction valve openings on the acoustic signal 
to predict cavitation in the pump revealed the following results: 
1. The acoustic signal analysis in time domain using different statistical features can provide 
a good indication to determine when cavitation was occurred in the pump under different 
suction valve openings. 
2. Analysis on the acoustic signal using the above mentioned features show different regions. 
The first region revealed no significant change on the level of acoustic signal. The second 
region showed that the trends for the above features rapidly increases due to decrease in the 
suction valve opening and hence, the pump operating under cavitation condition. The third 
region showed the maximum acoustic level due to when the inlet suction pressure 
continuously decreases.  
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3. The maximum amplitude for the peak, RMS, peak-to-peak and variance values in the time 
domain at different suction valve openings was at Q=302(l/min).  
4. Using frequency domain analysis to analyse the acoustic amplitude, was a suitable technique 
to predict cavitation within a pump at different suction valve openings. 
5. The mean and RMS acoustic amplitudes features in frequency domain, at different inlet 
suction valve openings and various frequency ranges. Different regions were also observed 
the first region shows that the acoustic amplitudes does not go through any significant 
change. The second region also shows that acoustic amplitudes increase due to the cavitation 
occurrence. 
6. The mean and RMS for acoustic amplitude in frequency domain increases as the suction 
valve opening is decreased and the above mentioned statistical features increased with an 
increase in the flow rate. 
7. Based on the above findings, the analysis on the acoustic signal in time domain can provide 
a primary indicating feature regarding quantifying the detection of the inception and severity 
different levels of cavitation. A secondary indication can be quantified in the frequency 
domain analysis for the acoustic signals under different frequency ranges. 
7.9. Effect of Different Amounts of Air Injection in the Pump using Acoustic Technique 
For this experimental measurement, different rates of air are injected into the suction pipe side 
of the pump. Also, the pump was tested under various flow rates, corresponding to normal 
operating conditions (low flow rate) and cavitation conditions (high flow rate). Acoustic signals 
were collected and analysed in detail in this section in order to study the effect of the different 
rates of air injections within a centrifugal pump. 
7.9.1. Time Domain Analysis on the Acoustic Signal at Air Injection Rate of 0.4(l/min) 
Figure 7-20 depicts the acoustic signal of the centrifugal pump in time domain (wave form) 
obtained at 0.4(l/min) air injection rate, N=2755rpm and under various flow rates. As seen from 
this figure, there are different levels of the acoustic amplitudes depending on the various flow 
rates. It can be seen that when the pump operates under low flow rate between 175 and 
343(l/min), the levels of acoustic amplitudes was lower than when the pump operates at high 
flow rate. Hence, the acoustic amplitude signals increase as the flow rate increases. This is 
mostly due to the start of cavitation occurrence at high flow rate which then develops further 
when the flow rate is increased, also, due to the effect of air injection within a pump. It can be 
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observed that when the pump operates under cavitation conditions with air injection as in this 
case, the trend for the acoustic amplitude was more random with high peaks when compared 
to normal operation conditions (low flow rate). The reason is due to the occurrence of cavitation 
and the effect of air injection at the pump. It is also due to the hydraulic losses. By comparing 
between these figures at the different flow rates, it can be concluded that the acoustic signals 
are sensitive to predict the effect of cavitation and air injection within a pump.   
 
Figure 7-20: Analysis of the acoustic signal in TWFA under various flow rates and air 
injection 0.4(l/min) 
For further investigation regarding the effect of air injection within a centrifugal pump, Figure 
7-21 depicts the analysis on the acoustic signal, with and without air injection which were 
obtained experimentally with operating conditions such as 0.4(l/min) air injection rate, 
N=2755rpm and at various measurements of flow rates. Statistical features used for this 
analysis as the same as those in previous sections. It can be seen from this figure that there is a 
small indication of variance in the analysis of the level of acoustic amplitude at flow rate below 
350(l/min) for both cases (with and without air injection). However, the results from 
experimental measurements revealed the same trends for these statistical features for the 
acoustic signals at different flow rates, which significantly increase when the pump operates 
under flow rate higher than 350(l/min) for both cases (with and without air injection). Also, 
trends for all the features with air injection starts to increase before trends for the features 
without air injection when the pump operates at flow rate higher than 350(l/min). The reasons 
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are due to the effect of the air injection within a pump, in addition to the occurrence of 
cavitation at high flow rate. Furthermore, when the pump operates at flow rate lower than 
350(l/min), the trend curves for all the features with air injection were slightly lower than the 
trends without air injection. This is because of further hydraulic noise losses due to the effect 
of air injection and the internal recirculation, which occurs at the discharge and suction regions 
within an impeller. 
 
 
Figure 7-21: Trends for peak, RMS, peak-to-peak and variance features, with and without air 
injection for the acoustic signal at 2755rpm with air injection rate of 0.4(l/min) 
7.9.2. Frequency Domain Analysis on the Acoustic Signal at Air Injection Rate of 
0.4(l/min) 
Figure 7-22 depicts the frequency domain analysis for the acoustic signal at 0.4(l/min) air 
injection rate, N=2755rpm, for various measurements of flow rates and for the different range 
of frequencies which are (a) 0Hz-1kHz and (b) 1kHz-2kHz. It can be seen that different types 
of frequencies occurred, the first being the rotational frequency of 45.9Hz, which occurred the 
most, the second, was the BPF occurring at 229.5Hz. It can be seen that the acoustic amplitude 
increases with increase in the flow rate. This is mostly due to the cavitation occurrence in the 
pump and the effect of air injection. From the experimental results in frequency domain, it is 
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observed that there are some peak amplitudes that change with frequencies, which could be 
due to the environmental noise around the pump as mentioned earlier in the previous sections.  
 
(a)                                                                 (b) 
Figure 7-22: Acoustic signal in frequency domain at various flow rates with frequency range 
from (a) 0Hz-1kHz to  (b) 1kHz-2kHz at 2755rpm and at air injection rate of 0.4(l/min)  
Figure 7-23 depicts the analysis of acoustic signal with and without air injection, using mean 
and RMS acoustic amplitude features. These features were investigated with different range of 
frequencies including a) 0Hz-1kHz, b) 1kHz-2kHz, c) 2kHz-10kHz, and d) 10kHz-15kHz. The 
operating conditions for this analysis include different flow rates, air injection rate of 0.4(l/min) 
and N=2755rpm. It can be seen that these features have the same trend as in the previous 
sections results which were obtained under different operation conditions. It can be seen that 
the trends for the mean and RMS acoustic amplitude features, for both cases (with and without 
air injection), does not change significantly at low flow rate lower than 350(l/min). However, 
the trends for these features (mean and RMS) rapidly increase after 350(l/min). The 
experimental results showed that the trends for the above features with air injection, were 
slightly lower than for the features without air injection at flow rate lower than 350(l/min). The 
reasons are firstly due to the effect of the rate of air injection which causes more instability in 
the flow pattern inside the pump. Secondly, the effect of cavitation occurrence within a pump. 
The trends for these features were approximately the same as the trends that were obtained 
from vibration results analysis in frequency domain in the previous chapter.  
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                         (a) 0Hz-1kHz                                  (b) 1kHz-2kHz 
 
                        (c) 2kHz-10kHz                                  (d) 10kHz-15kHz 
Figure 7-23: Mean vibration amplitude value for frequency range from (0Hz to 15kHz) at 
2755rpm with and without air injection at air injection rate of 0.4(l/min)  
 
                         (a) 0Hz-1kHz                                   (b) 1kHz-2kHz 
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                       (c) 2kHz-10kHz                                  (d) 10kHz-15kHz 
Figure 7-24: RMS vibration amplitude value for frequency range from (0Hz to 15kHz) at 
2755rpm with and without air injection  
7.9.3. Analysis of the Acoustic Signal Based on Time Domain under Different Amount 
of Air Injections  
For comparison purposes between the different amount of air injections (1 and 1.8(l/min)) 
under investigation, with and without air injection, based on time domain for the acoustic 
amplitude, all of these results showed approximately the same trends for the peak, RMS, peak-
to-peak and variance values as shown in Figure 7-25. There is no significant change occurrence 
in the acoustic amplitude for both cases (with and without air injection) under low flow rate, 
but the rapid increase in the acoustic amplitude for both cases occur at a flow rate higher than 
350(l/min). The reason behind this is due to the increase in the formation of bubbles as a result 
of cavitation, and the additional air injection that leads to decrease in the pressure at the eye of 
impeller, lower than the water vapour pressure. In this case, this leads to the NPSHA becoming 
lesser than the NPSHR. At this point, cavitation increases and then develops within a pump as 
already mentioned in the previous chapter through using the vibration technique. Additionally, 
injection of high amounts of air within the suction side of the centrifugal pump can form 
pockets of air bubbles around the impeller, especially at the eye of the impeller causing more 
hydraulic losses in the pump, probably due to air binding.  
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        (a) peak                                                            (b) RMS
 
    (c) peak-to-peak                                         (d) variance 
Figure 7-25: Comparison between different statistical features acoustic signal intime domain 
with and without air injection under different air injections 
Table 7-10 Summary of the maximum statistical features for the acoustic amplitude at 
different air injections 
Air injection Peak RMS Peak-to-peak Variance 
(l/min) (Pa) (Pa) (Pa) (Pa) 
0.4 11.97 2.34 22.69 5.52 
1 11.81 2.19 21.97 4.83 
1.8 9.90 1.83 18.18 3.38 
 
7.9.4. Analysis of the Acoustic Signal Based on Frequency Domain under Different 
Amount of Air Injections  
For comparison purposes between the above cases under investigation, with and without air 
injection, based on frequency domain analysis for the acoustic amplitude, all of these results  
showed approximately the same trends for the mean and RMS acoustic amplitude values as 
depicted in Figure 7-26 and Figure 7-27. These results found that there is no significant change 
occurrence in the acoustic amplitude for both cases (with and without air injection) under low 
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flow rate, but the rapid increase in the acoustic amplitude for both cases occur at a flow rate 
higher than 350(l/min). Furthermore, injection of high amounts of air within the suction side 
of the centrifugal pump can form pockets of air bubbles around the impeller, especially at the 
eye of the impeller causing air binding.  
 
                              (a) 0Hz-1kHz                                (d) 1kHz-2kHz 
 
                              (c) 2kHz-10kHz                                (d) 10kHz-15kHz 
Figure 7-26: Comparison between mean acoustic amplitude values with and without air 
injection in frequency domain for different frequency ranges and air injections 
 
                              (a) 0Hz-1kHz                                 (d) 1kHz-2kHz 
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                              (c) 2kHz-10kHz                                (d) 10kHz-15kHz 
Figure 7-27: Comparison between RMS acoustic amplitude values with and without air 
injection in frequency domain for different frequency ranges and air injections 
The mean and RMS acoustic amplitude features for air injection rate of 0.4(l/min) were higher 
than for air injection rates of 1, and 1.8 (l/min) at different range of frequencies as given in 
Table 7-11 and Table 7-12.  
Table 7-11 Summarises the results of the maximum mean acoustic acoustic under different 
air injection and of frequency range 0Hz-15kHz 
Air injection Mean value 
0Hz-1kHz 
Mean value 
1kHz-2kHz 
Mean value 
2kHz-10kHz 
Mean value 
10kHz-15kHz 
(l/min) (Pa) (Pa) (Pa) (Pa) 
0.4 0.0582 0.0460 0.0183 0.0086 
1 0.0544 0.0405 0.0168 0.0076 
1.8 0.0462 0.0350 0.0151 0.0065 
Table 7-12 Summary of the results for the maximum RMS acoustic amplitude at different air 
injection rate and of frequency range between 0Hz-15kHz 
Air injection Mean value 
0Hz-1kHz 
Mean value 
1kHz-2kHz 
Mean value 
2kHz-10kHz 
Mean value 
10kHz-15kHz 
(l/min) (Pa) (Pa) (Pa) (Pa) 
0.4 0.0781 0.0591 0.0249 0.0089 
1 0.070 0.0523 0.0204 0.0079 
1.8 0.0556 0.0409 0.0189 0.0067 
7.10. Summary on the Analysis of Different Air Injection Rates within a Centrifugal 
Pump using Acoustic Technique 
Based on above results there can be several conclusions regarding air injection within a pump 
using acoustic analysis technique: 
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1. Analysis on the acoustic signals in time domain, using time wave form for the air injection, 
showed that the levels of the acoustic amplitudes changes depending on the various flow 
rates.  
2. When the pump operates under cavitation conditions with air injection, the trend for the 
acoustic amplitude became more random with high peaks when compared with normal 
conditions. 
3. Using the acoustic signal was suitable to predict the effect of cavitation and air injection 
within a pump. 
4. The analysis of acoustic signal, with and without air injection in time domain using 
statistical  features show that there is a small indication of variance in the level of acoustic 
amplitude at flow rate below 350(l/min). However, the same trends for the above features, 
under different flow rates significantly increase when the pump operates at flow rate higher 
than 350(l/min). 
5. The trends for all the above mentioned features with air injection start to increase before the 
trends for features without air injection at flow rate higher than 350(l/min).  
6. The acoustic amplitude with air injection slightly decreases at high flow. This is due to the 
high quantity of air injection causing formation of air bubbles at the inlet impeller, 
particularly at the eye of an impeller and around the impeller causing air binding. 
7. The analysis of the acoustic signal with and without air injection in frequency domain using 
mean and RMS features, under different frequency ranges showed that the trends for these 
features does not change significantly at flow rate lower than 350(l/min). However, the 
trends for the above features rapidly increase after 350(l/min). 
8. The acoustic amplitude with air injection at frequency range for the above mentioned 
features start from 2kHz to high-frequency of 15kHz, slightly decreased at high flow.  
9. The trends for peak, RMS, peak-to- peak and variance values in time domain and the trends 
for mean and RMS values in frequency domain for both acoustic and vibration signal, have 
the same trends. Therefore, it can be concluded from the above finding that any of vibration 
or acoustic techniques can be used in order to study the cavitation occurrence and effect of 
air injection within a centrifugal pump. 
10. After analysis of both signals (vibration and acoustic) in previous sections, it can be 
observed that both techniques were effective and capable of detecting cavitation, depending 
on the noise surrounding the pump. If the level of noise is quite high, the use of vibration 
technique would be more effective when compared with the acoustic technique. 
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Detailed experimental measurements and investigations of the vibration and acoustic 
characteristics for the centrifugal pump were carried out in Chapters 6 and 7 in order to obtain 
a reliable detection and diagnosis of cavitation within a pump. For further analysis, comparison 
between the two above techniques can be carried out to obtain the better sensitive technique 
using cavitation detection index (CDI) which is presented in the next section. 
7.11. Cavitation Detection Index (CDI) 
Comparison is given below of vibration and acoustic results, to obtain more information and 
to evaluate sensitivity of techniques for detecting the inception and development of cavitation 
within a centrifugal pump under different wide ranges of operation conditions. The detection 
of cavitation index technique was used for the analysis purpose. The simple meaning of this 
technique is to use normalise features by dividing actual values of statistical features to the 
maximum values in time domain such as peak, RMS, peak-to-peak and variance, as well as 
mean and RMS values in frequency domain analysis. More details for normalised results are 
presented in following section.  
7.11.1. Effect of Different Flow Rates 
In order to find the sensitive technique for detecting cavitation, within a centrifugal pump, 
comparison between the vibration and acoustic techniques in both time and frequency domains 
under different flow rates using detection of cavitation index technique is presented in the next 
sections. 
 Detection of Cavitation in Time Domain using Different Normalise Features 
under Different Flow Rates  
Figure 7-28 depicts the detection index results of (peak/peak max., RMS/RMS max., peak-to-
peak/peak-to-peak max., and variance/variance max.) values for both vibration and acoustic 
signals under different flow rates start from 100(l/min) to 370(l/min) with a N=2755rpm. It can 
be seen that all above features, for both vibration and acoustic results, have approximately the 
same trends. There is no significant change in values of these features when the pump operates 
under lower than a flow rate of 350(l/min). However, a rapid increase occurs at a flow rate 
higher than 350(l/min). Also, it can be observed that from these figures all vibration features 
are more sensitive to detect inception of cavitation as compared to acoustic signal. Trends of 
these features start to increase after design flow rate of 300(l/min). However, the statistical 
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features corresponding to acoustic signal start to increase after 350(l/min). The cavitation 
results of statistical (peak/peak max., RMS/RMS max., and peak-to-peak/peak-to-peak max.) 
values for the vibration identifies the inception of cavitation is higher than 20% and for acoustic 
results was higher than 40%. The (variance/variance max.) value for the vibration was higher 
than 10% and for acoustic approximately higher than 20% respectively. The above values of 
vibration and acoustic results can be used as a threshold to detect different levels of cavitation. 
It can also be seen that as the threshold increases, the level of cavitation increases within 
centrifugal pump. Furthermore, it can be concluded that, the use of above mentioned statistical 
features to analyse the vibration signal were more sensitive compared to an acoustic signal to 
detect inception and development of cavitation. In addition, the use of different, normalise 
statistical features in time domain can prove to be a good indication regarding detection of 
cavitation within a pump using both techniques. 
  
(a) Peak/peak max.                                            (b) RMS/RMS max. 
 
(c) Peak-to-peak/peak-to-peak max.                 (d) Variance/variance max. 
Figure 7-28: Normalised results features in time domain for both vibration and acoustic 
signals at 2755rpm  
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 Detection of Cavitation in Frequency Domain using Different Normalise 
Features under Different Flow Rates 
In the similar manner, Figure 7 29 depicts normalise results of (mean/mean max.) value for the 
vibration and acoustic signals in frequency domain under different flow rates, starting from 
100(l/min) to 370(l/min), N=2755rpm and for various range of frequencies (0Hz-1kHz), 
(1kHz-2kHz), (2kHz-10kHz), and (10kHz-15kHz). It can be observed that the features 
mentioned above for both vibration and acoustic results have approximately the same trend. 
There is no significant change when the pump operates under lower than a flow rate 350(l/min), 
but the rapid increase was seen at a flow rate higher than 350(l/min). Additionally, it can be 
seen that from above findings the vibration sensor (accelerometer) provides a suitable 
indication for detecting inception occurrence of cavitation within a pump under a wide range 
of flow rates and frequency ranges as compared to acoustic signal using microphone. Due to 
the acoustic technique, it was not possible to capture the entire changes within pump, 
particularly small changes that the vibration technique has achieved. It can be observed that 
the frequency range 10kHz to15kHz was more sensitive for detecting inception of cavitation 
for both techniques (vibration and acoustic) as there are many vibration and acoustic high 
amplitudes peaks in this frequency range as compared to other frequency ranges. In both 
techniques, it was observed from previous sections of this chapter that the frequency ranges of 
1-2kHz is effective to detect cavitation. Therefore, sensors with low frequency range can be 
used to detect inception of cavitation. Additionally, using lower frequency range sensors can 
decrease the overall cost. The cavitation results of (mean/mean max.) value for the vibration 
identifies the inception of cavitation detection for frequency range 1kHz-2kHz which was 
approximately at 20% and for acoustic results was higher than 30%. However, for frequency 
range 2kHz-10kHz the vibration was lower than 20% and for acoustic around 40% and 
frequency range 10kHz-15kHz lower than 18% and 20% respectively. The results of 
(mean/mean max.) values for vibration and acoustic can used as threshold to detect cavitation 
as well as when this threshold increases shows the level of cavitation increases within the 
centrifugal pump. 
It can be concluded that the analysis of vibration signals using normalisation (mean/mean max.) 
frequency values was more sensitive to detect inception of cavitation as compared to an 
acoustic signal. Also, the analysis of vibration and acoustic signal using above normalised 
feature for high-frequency range was more effective to detect the inception and development 
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of cavitation. Based on the above results it can be concluded that the use of (mean/mean max.) 
value for different frequency ranges in frequency domain can be a good indication regarding 
detecting the inception and development of cavitation within a centrifugal pump. 
  
                     (a) 0Hz-1kHz                                          (b) 1kHz-2kHz 
 
                       (c) 2kHz-10kHz                                      (d) 10kHz-15kHz 
Figure 7-29: Normalised results for (mean/mean max.) value in frequency domain for the 
vibration and acoustic signals at 2755rpm for the different of frequency range 
Figure 7-30 depicts the normalised results of (RMS/RMS max.) value for the vibration and 
acoustic signals in frequency domain under different flow rates, N=2755rpm and for the 
different range of frequencies. It can be observed that the (RMS/RMS max.) value for the 
vibration and acoustic signals have approximately the same trend of (mean/mean max.) value 
as in previous figures. It can be observed from the vibration and acoustic signals that the 
normalised (RMS/RMS max.) values under cavitation condition at high flow rate are higher 
than without cavitation (normal operation conditions) at low flow rate and the severity of 
cavitation is increased with the increase of flow rate. The cavitation normalised values of 
(RMS/RMS max.) for vibration and acoustic techniques follow approximately the same trend 
of cavitation detection index as compared to (mean/mean max.) values in the previous figures. 
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Based on above results, it can be concluded that the use of (mean/mean max.) and (RMS/RMS 
max.) values to analyse the vibration and acoustic signals in frequency domain under different 
flow rates and frequency ranges, can provide useful information regarding detection of 
cavitation in the pump and hence in order to find the sensitive frequency range for this purpose.  
 
                     (a) 0Hz-1kHz                                          (b) 1kHz-2kHz 
 
                       (c) 2kHz-10kHz                                      (d) 10kHz-15kHz 
Figure 7-30: Normalise results for (RMS/RMS max) value in frequency domain for the 
vibration and acoustic signals under different flow rates and frequency range at 2755rpm  
7.11.2. Effect of Different Suction Valve Openings  
In a similar manner to the previous section, the vibration and acoustic signals can be compared 
under different suction valve openings as presented in the next sections. 
7.11.2.1. Detection of Cavitation in Time Domain using Different Normalise Features 
under Different Suction Valve Openings  
Figure 7-31 depicts the normalised results of (peak/peak max., RMS/RMS max., peak-to-
peak/peak-to-peak max., and variance/variance max.) values for both vibration and acoustic 
signals under different suction valve openings. The pump rotational speed under consideration 
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is 2755rpm, and the flow rate is 302(l/min). It can be seen that both vibration and acoustic 
experimental normalised results for (peak/peak max., RMS/RMS max., peak-to-peak/peak-to-
peak max., and variance/variance max.) various parameters showed similar trends. It can be 
observed that the above values have no significant change when the suction valve openings are 
between 100 and 55% for both vibration and acoustic signals. However, an important change 
has occurred when the suction valve openings are at about 55% due to the cavitation taking 
place at the suction pipe as well as at the inlet eye of the impeller due to decrease in the water 
pressure, which may be lower than water vapour pressure. Also, the vibration technique was 
found to be more sensitive to detect inception of cavitation as compared to the acoustic 
technique when carrying out time domain. The cavitation normalised results of (peak/peak 
max. and peak-to-peak/peak peak-to-peak max.) values for vibration identifies the inception 
cavitation detection was at higher than 20% and for acoustic results was higher than 30%. The 
values of (RMS/RMS max.) obtained by vibration technique was around 30% and for acoustic 
technique 40%. In addition, (variance/variance max.) values was around 10% for vibration and 
18% for acoustic technique respectively.   
Based on the above results, it can be concluded that both vibration and acoustic are suitable 
techniques for detecting the level of cavitation in a centrifugal pump, but the vibration 
technique was found to be more effective as compared to acoustic technique.   
 
(a) Peak/peak max.                                            (b) RMS/RMS max. 
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(c) Peak-to-peak/peak-to-peak max.                 (d) Variance/variance max. 
Figure 7-31: Normalised results features in time domain for the vibration and acoustic under 
different suction valve openings 
7.11.2.2. Detection of Cavitation in Frequency Analysis using Different Normalise 
Features under Different Suction Valve Openings  
Figure 7-32 and Figure 7-33 show normalised results of (mean/mean max.) and (RMS/RMS 
max.) values in the frequency domain for the vibration and acoustic signals at 2755rpm for the 
different range of frequencies under different suction valve openings and at flow rate of 
302(l/min). It can be seen that the vibration and acoustic experimental normalised results 
(mean/mean max.) and (RMS/RMS max.) have approximately the similar trends. In addition, 
it can be observed that the features mentioned above have no significant change when the 
suction valve openings are between 100 and 55% for both vibration and acoustic signals. 
However, the important change occurs when the suction valve openings are at about 55% 
opening because of the same reasons that are explained for time domain in the previous section.    
In a similar manner to the previous section 7.11.1.2., the frequency range 1kHz-2kHz for both 
vibration and acoustic results was found to be sensitive to detect cavitation. As well the 
cavitation normalised results of (mean/mean max.) value for the vibration, it identified the 
inception of cavitation detection being approximately at 20% and for acoustic results was 
higher than 30% for this frequency range. However, for frequency range 2kHz-10kHz the 
vibration was lower than 17% and for acoustic around was higher than 37%. Additionally, 
frequency range 10kHz-15kHz was lower than 30% and 32% receptively. Furthermore, the 
cavitation normalised results of (RMS/mean max.) value for the vibration and acoustic under 
frequency range 1kHz-2kHz are around 20% and 24%, for frequency range 2kHz-10kHz are 
18% and 38% and for frequency range 10kHz-15kHz are 30% and 35% respectively. 
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                     (a) 0Hz-1kHz                                          (b) 1kHz-2kHz 
 
                       (c) 2kHz-10kHz                                      (d) 10kHz-15kHz 
Figure 7-32: Normalise results for (mean/mean max.) value in frequency domain for the 
vibration and acoustic at 2755rpm for different of frequency range and suction valve 
openings 
 
                     (a) 0Hz-1kHz                                          (b) 1kHz-2kHz 
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                       (c) 2kHz-10kHz                                      (d) 10kHz-15kHz 
Figure 7-33: Normalise results for (RMS/RMS max.) value in frequency domain for the 
vibration and acoustic at 2755rpm for different of frequency range and suction valve 
openings 
7.11.3. Effect of Air Injection   
In a similar manner, the vibration and acoustic signals can be compared under different 
amounts of air injection in the next sections using both time and frequency domains analyses. 
 Detection of Cavitation in Time Domain using Different Normalise Features 
under Air Injection  
Figure 7-34 depicts the variation of index cavitation in normalised form for (peak/peak max., 
RMS/RMS max., peak-to-peak/peak-to-peak max., and variance/variance max.) values for 
both vibration and acoustic signals under different flow rates. The pump rotational speed of 
2755rpm and air injection of 0.4(l/min). It can be seen that all the above features for both 
vibration and acoustic results have approximately the same trends. There is no significant 
change when the pump operates at lower flow rates than a flow rate of 350(l/min), but a rapid 
increase occurs at flow rates higher than the flow rate of 350(l/min) due to the same reasons as 
mentioned in previous sections. Furthermore, the normalised results of (peak/peak max., 
RMS/RMS max., and peak-to-peak/ peak-to-peak max.) values for the vibration identifies the 
inception of cavitation detection is lower than 10% and for acoustic results was higher than 
30%. However, the (variance/variance max.) value for the vibration was 5% and for acoustic 
approximately 15%. Again it can be concluded that based on the above results, the vibration 
and acoustic techniques are sensitive for detecting cavitation within a centrifugal pump under 
air injection conditions, but the vibration technique was more sensitive to detect inception of 
cavitation as compared to acoustic technique. 
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(a) Peak/peak max.                                            (b) RMS/RMS max. 
 
 (c) Peak-to-peak/peak-to-peak max.                 (d) Variance/variance max. 
Figure 7-34: Normalise results features in time domain for the vibration and acoustic at air 
injection 0.4(l/min) 
 Detection of Cavitation in Frequency Domain using Different Normalise 
Features under Air Injection  
Figure 7-35 and Figure 7-36 show normalised results of (mean/mean max.) and (RMS/RMS 
max.) values in the frequency domain for the vibration and acoustic signals at 2755rpm for the 
different range of frequencies spectrum with air injection at a rate of 0.4(l/min). It can be seen 
that the vibration and acoustic experimental normalised results for (mean/mean max.) and 
(RMS/RMS max.) values have approximate similar trends. It can be seen that at higher flow 
rates the characteristic values of both vibration and acoustic curves are increased due to the 
onset of cavitation. In a similar manner in previous sections, the frequency range 1kHz-2kHz 
for both vibration and acoustic results was sensitive to detect cavitation under air injection. 
Also, the cavitation normalised results of (mean/mean max.) value for the vibration identified 
the inception of cavitation detection was approximately at 22% and for acoustic results was 
higher than 25%. However, for frequency range 2kHz-10kHz the vibration was lower than 10% 
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and for acoustic around 35%. Additionally, frequency range 10kHz-15kHz was lower than 10% 
and 15% receptively. Furthermore, the cavitation normalised results of (RMS/RMS max.) 
value for the vibration and acoustic under frequency range 1kHz-2kHz are around 22% and 
25%, for frequency range 2kHz-10kHz are 10% and 36% and for frequency range 10kHz-
15kHz are around 10% and 15% respectively. The cavitation normalised results of (RMS/RMS 
max.) value for the vibration and acoustic techniques under frequency range 1kHz-2kHz are 
around 22% and 25%. For frequency range 2kHz-10kHz, the values are 10% and 36%, for 
frequency range 10kHz-15kHz the values obtained are around 10% and 15% respectively. 
 
                       (a) 0Hz-1kHz                                      (d) 1kHz-2kHz 
 
                       (c) 2kHz-10kHz                                      (d) 10kHz-15kHz 
Figure 7-35: Normalise results for (mean/mean max.) value in frequency domain for the 
vibration and acoustic at 2755rpm for different of frequency range under air injection 
0.4(l/min) 
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                       (a) 0Hz-1kHz                                      (d) 1kHz-2kHz 
 
                       (c) 2kHz-10kHz                                      (d) 10kHz-15kHz 
Figure 7-36: Normalise results for (RMS/RMS max.) value in frequency domain for the 
vibration and acoustic at 2755rpm for different of frequency ranges under air injection 
0.4(l/min) 
7.12  Summary of the Analysis on the use of Cavitation Detection Index (CDI) Technique 
to Detect Cavitation under Different Operation Conditions, using Vibration and 
Acoustic Analyses Techniques 
Based on the above results in this section, several following conclusions can be found regarding 
the use of cavitation detection index (CDI) technique under different operation conditions. 
1. The use of detection index normalised features for both vibration and acoustic signals in 
time domain can be proved as a good indication regarding detecting different levels of 
cavitation within a centrifugal pump under different operational conditions. 
2. The vibration and acoustic techniques are sensitive to detect cavitation but vibration 
technique was more sensitive as compared to acoustic technique under different operational 
conditions. 
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3. The results of normalised features for the vibration amplitude at a flow rate between 100 
and 350(l/min) were lower than the results of normalised features for the acoustic amplitude. 
However, the vibration and acoustic amplitudes were rapidly increased after 350(l/min) due 
to the development of cavitation within a centrifugal pump.  
4. The use of normalised features in time and frequency domains for different frequency ranges 
can provide a good indication regarding detection of inception and development of 
cavitation. 
5. Based on detection of cavitation results, the vibration method was more sensitive to detect 
the inception of cavitation within a centrifugal pump as compared to the acoustic method. 
6. The frequency range 1kHz-2kHz for both vibration and acoustic results was sensitive to 
detect cavitation as compared to the frequency range 0Hz-1kHz under different operational 
conditions. Therefore, sensors with low-frequency range can be used for detecting cavitation 
which results in a reduction of cost for the sensors as compared to sensors with high-
frequency range. 
7. After analysing both signals (vibration and acoustic) in previous sections, it can be observed 
that both techniques were effective and capable of detecting cavitation dependent on noise 
surrounding the pump. If the level of noise was high, the use of vibration technique is more 
effective and sensitive as compared to acoustic technique. 
7.13  Evaluation of the Cavitation Condition Monitoring Techniques (CMT) 
In this research study, the results from the different techniques, including the numerical 
technique using CFD code, and experimental techniques using vibration and acoustic, under a 
different range of operational conditions were compared. In order to find the most sensitive 
technique for the detection of cavitation within the pump as analysed and discussed in detail in 
the previous chapters. In this section, comparison and evaluation between the various 
techniques is focused on their ability to detect and diagnose cavitation, based on their cost, 
installation and ease of application. Furthermore, the major evaluations for the above 
techniques in this study are summarised as follows: 
7.13.1. The CFD Analysis Technique 
Currently, turbomachinery such as compressors, turbines and different types of pumps are 
studied through the use of CFD software to predict their performance. Also, the use of CFD 
plays a significant part in fluid mechanics due to the development of computer capability and 
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numerical simulation techniques as CFD is one of the important robust numerical analysis 
methods. In order to determine the pump performance and diagnose the cavitation phenomenon 
within the centrifugal pump, different techniques were used in this work to achieve the set 
aims. The first technique was numerical which is based on CFD code. This technique can 
provide a more suitable method to visualise and reasonably obtain accurate information 
regarding the behaviour of fluid flow within a centrifugal pump, under different operating 
conditions as presented in Chapter five. In order to predict the performance and cavitation of 
the pump numerically in this study, simulations were carried out through the various 
operational point of flow rates, pump rotational speeds and different impeller geometrical 
parameters, in order to cover a wider range of the pump under single-phase and cavitation 
conditions. Detailed quantitative and quantitative analyses were performed on global and local 
flow parameters. 
This study was assumed that the centrifugal pump is operational in both single-phase and 
cavitation conditions. Based on transient behaviours and sliding mesh technique, providing a 
better numerical simulation modelling of the flow within the pump at various operating 
conditions were carried out and validated against the experimental performance curve. The 
centrifugal pump model was tested against different impeller geometrical parameters which 
include the number of blades are (Z=3, 4, and 5), outlet impeller diameters (do=200, 210, and 
220mm) and inlet impeller diameters (di=25, 30, and 35mm) under single-phase. Then, it was 
also modelled under CFD cavitation model in order to clearly visualise the cavitation occurring 
within the pump, under different impeller geometrical parameters.  
In order to obtain more information regarding the detection of cavitation in the pump, useful 
features for the use of the CFD technique were given. This analysis technique was evaluated 
based on detection of cavitation, method of detection of cavitation, visualisation of the 
cavitation, requirements to detect cavitation by CFD code and sensitivity of the CFD code to 
detect cavitation. Therefore, Table 7-13 summarises the most significant features of the CFD 
code based on the obtained results given in Chapter five, in order to detect cavitation occurrence 
within a centrifugal pump under different operation condition. Furthermore, the analysis using 
CFD methodology can give vital information for further investigations regarding the transient 
flow pattern in the pump under single-phase and cavitation conditions and can be used on any 
other types of pumps.  
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Table 7-13: Summary of the most significant features of the CFD to detect cavitation within a 
centrifugal pump 
No. Conditions Remarks 
1 Detection of cavitation 
 using CFD code 
Using CFD code was important tool to detect  
cavitation 
2 Method of detection of  
Cavitation 
Numerical simulation using CFD code was  
capable to visualise the cavitation 
3 Visualisation of the cavitation Using vapour volume fraction contour 
4 Installation of CFD code Need licence 
5 Cost of CFD licence Relatively expensive 
6 Requirements to detect  
cavitation by CFD code 
It is needed different steps 1.Crerate geometry, 
2.Mesh,  
3.Solver, 4. Post-processing  
7 Time consumption for simulation 
Using CFD code 
Relatively take time due to the time needed for  
completing a CFD simulation was depended  
on the complexity of geometry, number of 
elements (mesh), time step size, number of time  
steps, maximum iteration for time step, and type of 
 simulation single-phase or cavitation conditions 
8 Sensitive of CFD code to detect 
cavitation 
Sensitive 
9 Need PC PC is used to achieve the numerical calculations  
required for simulating cavitation 
10 Cost of the PC Relatively expensive 
11 Detection level of cavitation It can be detected different levels of cavitation  
(no cavitation, inception, development, fully  
development of cavitation) using CFD 
7.13.2. The Vibration Analysis Technique 
The second main aim of this research study was to construct an experimental setup for the 
centrifugal pump in order to investigate the pump performance and to predict cavitation under 
a different wide range of operating conditions using different conditioning monitoring 
techniques including vibration signal analysis. Detailed different experimental measurements 
based investigations were carried out to analyse the vibration signal using accelerometer in 
Chapter six. The results found that cavitation can be predicted within a pump through analysing 
the vibration signal in time domain for various operation conditions using different statistical 
features. It can be seen that when cavitation occurrence rapidly increases the level of vibration 
amplitude increases. Also, the results from experimental measurements showed that the 
analysis on vibration signal in frequency domain can predict the occurrence of cavitation by 
using different ranges of frequency from 0Hz to 15kHz, having useful information regarding 
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the cavitation within a pump. Moreover, it is observed that the range of the frequency from 
1Hz to 2kHz is a suitable range to predict cavitation. In this case and from the above findings, 
accelerometer that has low range of frequency between 1Hz to 2kHz was used due to is 
effectiveness in predicting cavitation. Furthermore, the use of sensor that has low range of 
frequency is cheaper than sensor with high range of frequency, leading to decrease in the cost 
of the sensor and hence, decrease the condition monitoring cost.   
This technique was evaluated based on the cost of the sensor, installation of the sensor, ease of 
application and effect of any vibration within the system. Therefore, Table 7-14 summarises 
the most significant features of the vibration technique based on the results that were presented 
in Chapter six in order to detect cavitation occurrence within a centrifugal pump under different 
experimental operation conditions. 
Table 7-14: Summary of the most significant features of the vibration technique to detect 
cavitation within a centrifugal pump 
No. Conditions Remarks 
1 Detection of cavitation with a  
Pump 
In time  
domain analysis 
(TDA) 
In frequency  
domain analysis  
(FDA) 
Yes Yes 
2 Effected any vibration within 
 a system 
Time domain Frequency domain 
Yes Yes 
3 Method of detection of cavitation Online Offline 
Yes Yes 
4 Installation of accelerometer  
sensor  
Easy to install in the pump 
5 Cost of accelerometer sensor Relatively expensive 
6 Need signal processing Needed to analysis the vibration  
signal in time and frequency  
domain 
7 Sensitive of sensor to detect  
Cavitation 
Sensitive 
8 Need amplifier for vibration  
Signal 
No 
9 Need DAQ system Yes 
10 Need PC for analysing raw  
vibration data 
Yes 
11 Cost of PC Relatively cheap 
12 Installation of MATLAB code Need licence 
13 Cost of MATLAB licence Relatively expensive 
14 Frequency range of the sensor  0Hz-15kHz 
15 Sensitive at low frequency range 
 of the sensor to detect cavitation 
1kHz-2kHz 
16 Sensitive high frequency range 
 of the sensor to detect cavitation 
2kHz-15kHz 
17 Detection level of cavitation No cavitation, inception, development,  
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 at low frequency range fully development of cavitation 
18 Detection level of cavitation  
at high frequency range 
No cavitation, inception,  
development, fully development of  
cavitation 
7.13.3. The Acoustic Analysis Technique 
Detailed different experimental measurement based investigations were carried out to analyse 
the acoustic signal using microphone in Chapter seven. During these experimental 
measurements, it was found that the acoustic amplitude in time domain, using different features 
and also in frequency domain changes in amplitudes when the pump operates at flow rate 
higher than the design flow rate and hence, cavitation becomes more developed as the flow rate 
in the pump increases. In the meantime, it can be observed that when the flow rate was higher 
than 350(l/min), it leads to the pump operating under fully developed of cavitation conditions. 
For further investigation carried out in this study, both vibration and acoustic signals were 
analysed using mean and RMS amplitude features based on different range of frequencies. The 
results revealed that cavitation can be predicted in the pump using low-frequency range 
between 1Hz and 2kHz and also at high frequency range from 2Hz to 15kHz. 
For this current study, the analyses of acoustic signals in time and frequency domains provide 
approximately the same trend as compared to that of the vibration signal results. The possible 
reason is because both acoustic and vibration were generated from within the centrifugal pump, 
through a similar way that was caused by high interaction between the volute and impeller and 
by the occurrence of cavitation. Furthermore, it can be concluded that using both techniques 
can be very effective to monitor cavitation in the pump. 
In this study, it was observed that the vibration technique was more accurate when compared 
to the acoustic technique. This is because the acoustic signals were obtained using the 
microphone as this sensor was very sensitive to any noise around the pump in the lab. However, 
the acoustic technique can be used for monitoring cavitation condition instead of the vibration 
technique if the latter technique is not applicable. As mentioned in the previous section, the 
acoustic technique can be evaluated based on the cost of the sensor, installation of the sensor, 
ease of application and effect of any noise within a system. Therefore, Table 7-15 summarises 
the most significant features of the acoustic technique based on the results that were presented 
in Chapter seven, in order to detect cavitation occurrence within a centrifugal pump under 
different experimental operation conditions measurements. 
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Table 7-15: Summary of the most significant features of the acoustic technique to detect 
cavitation within a centrifugal pump 
No. Conditions Remarks 
1 Detection of cavitation in the 
 Pump 
In time domain  
Analysis 
 (TDA) 
In frequency  
domain analysis  
(FDA) 
Yes Yes 
2 Effected any noise within a system Time domain Frequency domain 
Yes Yes 
3 Method of detection of cavitation Online Offline 
Yes Yes 
4 Installation of microphone sensor Easy to install near by the pump 
5 Cost of microphone sensor Relatively expensive 
6 Need signal processing Needed to analysis the  
acoustic signal 
7 Sensitive of sensor to detect  
Cavitation 
Sensitive 
8 Need amplifier for acoustic signal Yes 
9 Need DAQ system Yes 
10 Need PC for analysing raw  
acoustic data 
Yes 
11 Cost of PC Relatively cheap 
12 Installation of MATLAB code Need licence 
13 Cost of MATLAB licence Relatively expensive 
14 Frequency range of the sensor  0Hz-15kHz 
15 Sensitive at low frequency range  
of the sensor to detect cavitation 
1kHz-2kHz 
16 Sensitive at high frequency range  
of the sensor to detect cavitation 
2kHz-15kHz 
17 Detection level of cavitation at  
low frequency range 
No cavitation, development, fully  
development of cavitation 
18 Detection level of cavitation at 
 high frequency range 
No cavitation, inception,  
development, fully development  
of cavitation 
Based on the findings in this thesis, it can be observed that the general behaviour of vibration 
and acoustic signature was also in agreement with previous studies for different types of pumps 
[78, 79, 82, 84, 91]. However, detailed investigations of cavitation characteristics use vibration 
and acoustic analyses techniques under wide ranges of operating conditions and frequency 
ranges in both time and frequency domains using different statistical features were conducted. 
In addition, a comparative investigation was carried out between above techniques using 
cavitation detection index (CDI) in both time and frequency domains. Accordingly, the current 
work includes comparison and an evaluation of the cavitation condition monitoring using CFD, 
vibration and acoustic techniques under wide range of operation conditions that were not 
carried out in most of these studies. 
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In summary, numerical CFD based methodology, as well as vibration and acoustic technique 
based on experiments were used in detecting and diagnosing cavitation. CFD, vibration and 
acoustic techniques were confirmed to be effective techniques in order to analyse the behaviour 
of cavitation under different operating conditions. When comparison is made among these 
techniques, they can provide several advantages such as capability to detect the different levels 
of cavitation. Also, it was observed that the numerical results when using CFD and 
experimental results when using vibration techniques can detect the inception of cavitation 
within a pump earlier than the acoustic technique. Furthermore, after computing the numerical 
and experimental results using the different condition indicators under various operating 
conditions, cavitation detection within a pump can be achieved using the above mentioned 
techniques. Furthermore, the numerical and experimental results using CFD, vibration and 
acoustic detection techniques showed that the inception of cavitation occurs before any drop in 
the pump performance. Therefore, in order to avoid the effect of cavitation within a pump, it is 
important to monitor the pump continuously while the pump is in operation. 
Extensive numerical and experimental investigations in previous Chapters (5, 6, and 7) were 
carried out using the different techniques for detecting and diagnosing cavitation within a 
centrifugal pump. According to the above numerical results, the position, level and 
characteristics of the visualisation of cavitation flow, whilst observing the flow motion within 
a centrifugal pump, were detected. Also, the numerical investigation results using both 
quantitative and qualitative analyses in CFD were used in analysing the results obtained. 
Qualitative analysis is done by using vapour volume fraction contour for the different operating 
conditions, whilst quantitative analysis is carried out by using the comparison between the 
pump head under single-phase and cavitation conditions at different operation conditions. The 
quantitative and qualitative CFD analyses showed that the inception and different levels 
(severity) of cavitation in the pump can be accurately captured when compared to both 
vibration and acoustic technique. Therefore, the order of sensitivity for the above techniques 
to detect cavitation can be suggested as follows: 
1. Numerical simulation using CFD analysis code 
2. Experimentation using vibration analysis technique 
3. Experimentation using acoustic analysis technique 
Based on the above analysis in this research, it can be concluded that using numerical cavitation 
model in CFD was an effective and reliable tool, as well as assisting and providing good 
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guidance information for engineers in industry. In order to obtain more information to detect 
and diagnose the possible areas of cavitation damage that can lead to improvements in the 
turbomachinery systems in order to avoid real damages. However, the results revealed that the 
combined use of the above mentioned techniques, numerical and experimental, can increase 
reliability and provide a more robust detection of cavitation in pumps. 
This chapter was presented all analyses and discussions regarding detection of cavitation within 
a centrifugal pump under different operational conditions using acoustic analysis technique. 
Moreover, comparison between acoustic technique and vibration technique was carried out, in 
order to find experimentally, the better sensitive method for detecting the inception and 
development of cavitation in the pump. Also, the usefulness and evaluation of the above 
mentioned techniques in finding the most sensitive technique, numerically and experimentally, 
for predicting and diagnosing cavitation in the pump were carried out. Finally, the next chapter 
will include conclusions and contributions of knowledge and also suggestions for future work.  
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8.   CHPTER 8  
8. CONCLUSIONS 
 
 
 
 
This chapter provides detailed conclusions and evaluations of various techniques that were 
investigated in this research study. These techniques include CFD, vibration, and acoustic 
based on results that were obtained in previous chapters regarding the pump performance 
evaluation and detection of cavitation in the centrifugal pump. Also, the main achievements 
and contributions in this study were summarised in this chapter. Finally, requirements for future 
work in the area of a centrifugal pump are defined.  
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8.1.      Research Problem Synopsis 
In the last decade, centrifugal pumps are broadly used in numerous types of applications such 
as agriculture, plants of wastewater treatment, gas and oil industry, food industry and power 
plants [154]. It is becoming one of the most important devices in different industries. Also, 
cavitation is commonly attributed as being one of the main causes of several unwanted effects. 
Firstly, deterioration of the pump performance operating at high flow rates and high rotational 
speeds were revealed in previous chapters. The second significant effect is pitting and erosion 
of material in parts of the pump. This occurs due to bubbles collapsing near these parts. The 
third negative effect increases the level of noise and vibration within a pump that happens due 
to instability in flow which leads to cause more pressure fluctuations [155]. Therefore, based 
on the above negative impacts it can be clearly seen that the cavitation is an undesirable 
phenomenon and it should be avoided. In this study, the numerical simulation and experimental 
techniques were used to analyse the characteristics of cavitation. To achieve this, it is an 
important point to distinguish the severity level of cavitation within a pump, particularly in 
industrial environments, and it needs continuous condition monitoring in order to increase the 
operational life of the pump and decrease the cost of maintenance and attempt to avoid any 
shutdown in the system. The main aim of this study was the evaluation of various techniques 
to predict cavitation phenomenon within the centrifugal pump. These techniques include 
Computational Fluid Dynamics. In this research study, the CFD technique was adopted in order 
to determine the performance and to predict cavitation within the pump. The investigation was 
carried out under a wide range of operational conditions and various impeller geometrical 
parameters. The second and third techniques used to detect cavitation were experimental based 
on vibration and acoustic. The detailed analysis and results of these techniques can be seen in 
previous chapters. Also, in this chapter, the advantages of these techniques were summarised 
based on the results which were obtained from this research study. In the following parts of 
this chapter, the main aims of this study were summarised along with the main achievements 
and contributions. 
7.2 Research Aims and Main Achievements  
The main aims of the present study that were defined based on an extensive literature review 
in this field are as follows: 
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Research Aim # 1: CFD based investigation of flow and geometrical parameters on single-
phase and cavitation behaviour in the centrifugal pump. 
Achievement # 1: In this research detailed Computational Fluid Dynamics based 
investigations were provided on the flow structure within a centrifugal pump under single-
phase and cavitation conditions. A transient numerical simulation was carried out under 
different operating conditions for the pump. Firstly, the numerical results were validated with 
experimental results. Also, the numerical statistical analysis results of the pump head under 
various flow rates were found to agree well with the experimental results. The second aspect 
corresponds to unsteady flow investigations of the pump, and for this goal, the pump was run 
at different flow rates under single-phase and cavitation conditions. It allowed extraction head 
of the pump and the analysis, including the flow structure quantification within the pump based 
on single-phase and cavitation. Thirdly, the characteristics of pressure fluctuations in the 
impeller and volute flow domain were analysed in both time and frequency domains in order 
to obtain a better understanding on the interaction between the impeller and volute effects on 
the flow field in the pump. Furthermore, three-dimensional centrifugal pump model having 
various impeller geometrical parameters including the number of blades, inlet and outlet 
impeller diameters were numerically simulated. The effects of the above geometrical 
parameters on static pressure, velocity magnitude, vapour volume fraction variations, pressure 
fluctuations and the pump head of a pump under single-phase and cavitation conditions were 
investigated. In this study, the effects of different impeller geometrical parameters on the 
performance of the centrifugal pump were analysed under single-phase and cavitation 
conditions qualitative and quantitative. The current study was used to determine the pump head 
and power coefficients for different cases to develop different semi-empirical correlations of 
the centrifugal pump under various impeller geometric configurations under single-phase and 
cavitation conditions. This prediction model for the performance of the pump has showed that 
it is reasonably accurate. Furthermore, this numerical technique has several important 
advantages that can be summarised as following: 
1- Based on the presented results in Chapter five, using the CFD code represents a useful and 
effective numerical analysis method to determine the pump performance and 
detect/diagnose different levels of cavitation. 
2- CFD analysis technique can provide reasonably accurate results as compared to 
experimental results. 
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3- Using CFD modelling can play an important part to visualise the behaviour of the flow field 
under single-phase and cavitation model.  
4- It can be used to reduce the cost of experiments to investigate the effect of various operation 
conditions and different geometrical parameters as well as their influence on cavitation 
within a pump. 
Research Aim # 2: Experimental investigations on condition monitoring of the centrifugal 
pump using vibration analysis technique for detecting and diagnosing cavitation phenomenon 
in a centrifugal pump using time and frequency domains analyses.  
Achievement # 2: This study provides detailed condition monitoring results on the centrifugal 
pump based on vibration analysis technique. As explained in Chapter six, the use of vibration 
technique to monitor the machines in the last few decades was widely used and hence, it is 
currently the frequently used applied technique in different industries. This technique has 
several advantages that can be summarised as follows: 
1- This technique usually uses the accelerometer sensor in order to collect vibration data and 
this sensor is easy to install in the machines, particularly in the different types of pumps. 
2- Such type of sensor is widely available under different specifications including different 
range of frequencies, and it can be work under different temperatures. Also, it is very 
sensitive to capture any change or fault which occurs in the machine. 
3- The analysis of vibration data in the time domain gives useful information regarding any 
change that occurs in the machine. In this study, different statistical features were used to 
analyse the vibration signal in time domain and these features can provide a good indicator 
of changes in the condition within the pump. 
4- The analysis of vibration signal in the frequency domain can also give a good indicator, for 
example, to detect and diagnose cavitation in the centrifugal pump due to the changes in the 
signal amplitudes under different operating conditions, particularly under cavitation 
condition as shown in Chapter six in this thesis. 
The second aim in this research was to analyse the performance and detect cavitation within a 
centrifugal pump experimentally using vibration technique under different operating 
conditions. In order to increase the reliability of detection of cavitation within a pump, the 
vibration technique can be used as an effective technique for this purpose. The experimental 
results from the pump setup showed that the vibration signals are highly dependent on different 
operating conditions within the pump. The results also found that the occurrence of cavitation 
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in the pump depends on the flow rate and pump rotational speeds and it increases when the 
flow rate and pump rotational speeds increase. The cavitation causes deterioration in the 
performance of the pump considerably. Additionally, based on the detailed experimental 
investigations, the vibration signals in the pump were observed to change at different operating 
conditions. It was found that vibration signals are sensitive to any change in the pump. The 
amplitude of vibration signals increases with flow rate increase, hence the analysis of vibration 
signal in both time and frequency domains provide a good indication to predict cavitation in 
the pump. Different statistical analysis features showed that the vibration signal can be used as 
an effective technique in order to diagnose and monitor cavitation.  
Research Aim # 3: Experimental investigations on condition monitoring of the centrifugal 
pump using acoustic analysis technique for detecting and diagnosing cavitation phenomenon 
in a centrifugal pump using time domain analysis and frequency domain analysis. 
Achievement # 3: This study provides a detailed condition monitoring based analysis on the 
centrifugal pump based on acoustic technique, as explained in Chapter seven. The use of 
acoustic techniques to monitor the machines was widely practiced in industries due to the 
important improvements in acoustic sensors and data acquisition systems. This technique has 
several advantages to predict and diagnose cavitation within a centrifugal pump that can be 
summarised as following: 
1. The acoustic technique can be used to acquire data remotely and can be used to collect and 
record data from a machine at different environmental operating temperatures and 
conditions. 
2. The acoustic sensor (microphone) is widely available at various specifications comprising 
different frequency ranges and temperatures. Also, it is sensitive to capture any change or 
fault that occurs in the machine. 
3. The use of microphone to acquire signals is relatively at the same cost as compared to 
vibration accelerometer. 
4. The use of acoustic technique in order to monitor the cavitation within a pump gives the 
same trend as compared with the vibration technique as shown in Chapter seven in this 
thesis.  
Based on the detailed experimental measurements, the acoustic signals in the centrifugal pump 
were analysed. In order to increase the reliability and detection of cavitation within a pump, 
the acoustic techniques can be used as a third technique for this purpose. Due to the combined 
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use of different techniques (numerically using CFD code and experimentally using vibration 
as well as acoustic techniques), a more robust detection of cavitation within a pump can take 
place. The acoustic signals were acquired from the centrifugal pump setup and these signals 
were analysed in time domain based on the same statistical features that were used to analyse 
the vibration signals as mentioned in Chapter six. Furthermore, the acoustic signals were 
analysed in the frequency domain as well using FFT technique in order to find more detailed 
information regarding the detection of cavitation. The results revealed that when the cavitation 
takes place in the pump it leads to a rapid increase in the level of the noise and that leads to an 
increase in the acoustic signal amplitude. The results found that acoustic signals can be used as 
an effective technique to predict and monitor cavitation in the pump. 
8.2. Thesis Conclusions  
A comprehensive investigation was carried out to support the existing literature regarding the 
condition monitoring of the cavitation within a centrifugal pump using different condition 
monitoring techniques and under the wide range of operating conditions, to provide and 
enhance the current understanding of the prediction of cavitation process and geometry 
associated influences on the performance of the pump. The main conclusions from each facet 
of this current research study are summarised as follows: 
Research Objective # 1: To analyse the flow field within the centrifugal pump based on 
single-phase at different operating conditions using sliding mesh technique (SMT) with 
transient approach. 
From the CFD results, investigations regarding the flow field analysis in the centrifugal pump 
based on single-phase were carried out in this research, and this objective is divided into two 
main sections. The first section is including validates numerical results with the experimental 
results. The second section corresponds to unsteady flow investigation within the centrifugal 
pump and for this aim; the pump was run at different flow rates under single-phase condition. 
Additionally, extracting the head of the pump for each 5-degree rotation of impeller as well as 
analysing the flow structure within the pump based on single-phase condition under various 
operating conditions using transient simulation approach was also included. From both 
experiments and CFD results, it can be concluded that there is a good agreement between CFD 
and the experimental results. Also, CFD results showed that the lower pressure occurs at the 
inlet of impeller particularly in the eye of the impeller. The higher-pressure regions are 
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presented within the volute, particularly near or close to the volute tongue region. Also, the 
head of the centrifugal pump is cyclic with the number of peaks and valleys is equal to the 
same number of impeller blades. Additionally, it can be found that the head of the pump 
decreased as the flow rate increased. The pressure fluctuations were analysed in time domain 
and the numerical results showed that the values of pressure fluctuations around volute were 
dependent on the angular position of the volute cross-section area as well as flow rates, and the 
maximum values of pressure fluctuations were noticed at near or close to the tongue region. 
Also, the values of pressure fluctuations in the impeller were dependent on the distance along 
the radius of the impeller, which increases with the distance along the radius. Furthermore, the 
pressure fluctuations in time domain were converted into the frequency domain analysis using 
FFT technique. The results revealed that there are two dominant frequencies the first one is the 
rotational frequency and its related harmonics and the second one is blade passing frequency 
and its related harmonics. 
Research Objective # 2: To predict the cavitation phenomenon within the centrifugal 
pump by using cavitation model in CFD at various operating conditions using sliding 
mesh technique (SMT) with transient approach. 
This study provides a detailed CFD based investigation on the flow detection and diagnostic 
of cavitation within the centrifugal pump. A three-dimension model for the pump was created 
to determine the regions of an inlet pipe, outlet pipe, impeller and volute by using CFD. A 
sliding mesh is applied to consider the flow interaction in an impeller and volute. The assumed 
physical model was water-liquid and water-vapour during simulation of cavitation flow. The 
CFD results were analysed corresponding to various flow rates in order to study the effects of 
wide ranges of flow rates. The results for cavitation were explained through the variation of 
volume fraction contour. The results showed that the vapour volume fraction was high near the 
impeller inlet under various flow rates. Hence, the cavitation occurred in the vicinity of low-
pressure region. This study concludes that the cavitation inception and development on the 
impeller can be classified into four levels as the vapour volume fraction at the eye of impeller 
increases and the deterioration in the head of the pump takes place. The following points 
emerged from the present investigation: 
Level 1: There is no cavitation occurring in this stage when the flow rate range is between 
100(l/min) and 250(l/min). 
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Level 2: The stage of the slow inception of cavitation when the flow rate is between 300(l/min) 
and 320(l/min).  
Level 3: The stage of growth of cavitation, when the range of flow rate is between 320(l/min) 
and 350(l/min).  
Level 4: The stage of development of cavitation, in this final stage when the flow rate is higher 
than 350(l/min), develops in all passages of the impeller.  
It can be observed that the maximum vapour volume fractions were mostly distributed in a 
special area near the inlet surface blades of an impeller. Subsequently, a progressive increase 
occurs along each impeller passage. In addition, it can be seen that the vapour volume fractions 
increased in the radial direction and starts to block the inlet passages of an impeller under high 
flow rate.  
Research Objective # 3: To investigate the effect of the different impeller geometrical 
parameters including; number of impeller blades, inlet and outlet impeller diameters on 
the performance of the centrifugal pump under single-phase and cavitation conditions. 
To determine the effect of the number of impeller blades on the performance of the 
centrifugal pump under single-phase and cavitation conditions. 
From the CFD results, investigations regarding the effect of the impeller geometrical 
parameters on the pump performance under single-phase and cavitation conditions were carried 
out. In order to analyse the effect of the number of impeller blades on the performance of the 
centrifugal pump, three different number of impeller blades 3, 4, and 5 were selected for the 
analysis purpose. It can be noticed that the pressure is increased gradually from the inlet to the 
outlet of the impeller. Under these operating condition, the static pressure at the blade’s 
pressure surface was higher than the suction surface. Further, the lower pressure zone inside 
the impeller was positioned at the suction surface of the blade inlet and the pressure of suction 
surface region was found to be increasing with the distance along the radius of the impeller. It 
can be found that the maximum static pressure is at the outlet of the pump close to the tongue 
region under both single-phase and cavitation conditions. To further investigate, pressure 
fluctuations in the time domain in the centrifugal pump, were converted into the frequency 
domain using FFT technique. Also, it can be observed that the maximum pressure fluctuation 
amplitude was occurred near the tongue region due to the high effect of the interaction between 
impeller and volute. Furthermore, it can be found that the amplitudes of pressure fluctuations 
within the impeller are increased with the distance along impeller radius from the centre. For 
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comparison purposes between the different number of blades, the number of blade Z=5, the 
head under single-phase and cavitation conditions are considerably higher than for the other 
two number of blades namely, 3 and 4. The numerical results showed that as the number of 
impeller blades increases, the head of the pump and cavitation also increase. 
To investigate the effect of the outlet impeller diameter on the performance of the 
centrifugal pump under single-phase and cavitation conditions. 
Detailed CFD based analysis was carried out regarding the influences of the impeller outlet 
diameter on the performance of the centrifugal pump under single-phase and cavitation 
conditions. In order to analyse the effect of outlet impeller diameter (do) on the performance 
of the pump, for analysis purposes, three outlet impeller diameters (do) values of 200mm, 
210mm and 220mm were selected. It can be concluded that the impeller outlet diameter 
considerably influences the performance of the pump. For comparison purposes between 
different impeller outlet diameters under single-phase and cavitation conditions, it can be found 
that for do=220mm, the head is considerably higher than for the do=200mm model and slight 
changes for do=210mm was noticed under both single-phase and cavitation conditions. In 
addition, it can be seen that the head is considerably higher for do=220mm than do=200mm 
for both single-phase and cavitation conditions. Furthermore, the numerical results showed that 
as the outlet impeller diameter increases the cavitation within the pump increases. 
To analyse the effect of the inlet impeller diameter on the performance of the centrifugal 
pump under single-phase and cavitation conditions. 
In this research study, the investigations regarding the influence of the inlet impeller diameter 
on the flow structure within the pump under single-phase and cavitation conditions were carried 
out. In order to analyse the effect of inlet impeller diameter (di) on the performance of the 
centrifugal pump, for analysis purposes, three inlet impeller diameters (di) values of 25mm, 
30mm and 35mm were selected. For comparison purposes under single-phase and cavitation 
conditions it can be concluded that for di=25mm, the head is slightly higher than for the other 
two models under both single-phase and cavitation conditions. Therefore, it can be observed 
that as (di) increases, the head of the pump slightly decreases as well as the cavitation also 
slightly increases.  
Research Objective # 4: To develop semi-empirical relations for the head and power 
coefficients in the centrifugal pump under single-phase and cavitation conditions. 
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Based on the numerical investigations using CFD analysis technique that were conducted in 
Chapter five and after studying the effects of different pump geometrical parameters, different 
semi-empirical relations for head and power coefficients of the centrifugal pump were 
developed in this study using the results of numerical simulations under single-phase and 
cavitation conditions. The development of above mentioned relations were through the use of 
multiple regression analysis technique in order to evaluate and study the influences of different 
geometrical parameters on the performance of a pump. 
Research Objective # 5: To detect the cavitation phenomenon in the centrifugal pump 
based on vibration technique.  
In this experimental setup, during the experimental measurements and through the use of signal 
processing programme to analyse different signals using MATLAB code, cavitation could be 
monitored from calculating the NPSH of the centrifugal pump under different flow rates. In 
this study, the results revealed that the reference value of flow rate for occurrence of cavitation 
was at 350(l/min) under N=2755rpm. The second calculation to predict cavitation in this work 
was through analysis of the different types of signals. All vibration signals were analysed in 
time domain using various statistical features in order to predict cavitation in the pump. Then 
these signals were analysed in frequency domain using FFT technique. 
It can be clearly seen under cavitation conditions the trend of vibration amplitude was more 
random with high peaks as compared with normal conditions. The reason behind that is due to 
the occurrence of cavitation process within a pump, which generates smaller bubbles, which 
collapse leading to a change in amplitudes of vibration.  
In order to obtain further information regarding the occurrence of cavitation, the vibration 
signals were analysed in time domain using various types of statistical features such as peak, 
RMS, peak-to-peak and variance values. It can be noticed that under the low flow rate, the 
trends of the above features showed no significant change in the level of vibration amplitude. 
However, the level of vibration amplitude rapidly increases at high flow rate. As a result, using 
the above features in time domain has the capability to predict cavitation in the pump under 
high flow rates. For further investigation, the vibration signals in the time domain were 
converted to the frequency domain using FFT technique to predict and diagnose cavitation 
using different range of frequencies starting from 0Hz to 15Hz. It can be clearly observed that 
there is a significant increase in the level of vibration amplitude when the pump is operated 
under higher than 350(l/min) flow rate. For more details regarding prediction of cavitation, the 
vibration amplitude signals in the frequency domain were analysed using various statistical 
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features such as mean and RMS vibration amplitude values. The results also showed that no 
significant changes occurred in the trends of the above features when a pump operates under 
low flow rate. However, there is a rapid increase in experimental values corresponding to these 
features at flow rate higher than 350(l/min) which are due to the occurrence of cavitation. It 
can be found that the use of FFT technique was an effective technique for detecting cavitation 
in a pump. Furthermore, the analysis of vibration amplitude in both time and frequency 
domains were agreed with characteristics of cavitation that was presented using NPSH curve. 
Research Objective # 6: To investigate the cavitation within the centrifugal pump based 
on vibration technique under various pump rotational speeds. 
Detailed experimental based examinations were carried out regarding the influences of the 
different pump rotational speeds on the pump performance and cavitation prediction within a 
pump using vibration technique. The results revealed that the vibration signal analysis in the 
time domain can be considered as a first indication of when cavitation has occurred within a 
pump. Also, the peak and peak-to-peak values were more sensitive to detect cavitation within 
a pump as compared with RMS and variance features. The frequency domain analysis 
technique to investigate the vibration amplitude was a satisfactory technique to predict 
cavitation. In addition, the use of features such as mean and RMS vibration amplitude values 
to analyse the vibration signal in frequency domain provides more information regarding the 
prediction of cavitation. It is evident that the trend of head in the pump is continuous 
downwards trend with increasing flow rate at different rotational speeds. The head under 
N=2755rpm was considerably higher than for the other cases. Also, cases under different pump 
rotational speeds (N=2755, N=2610, N=2320, and N=2030rpm) based on time domain analysis 
were compared. This was carried out by using the statistical features. The vibration signals 
were also investigated based on frequency domain using the different features such as mean 
and RMS amplitude values for different range of frequencies. It can clearly be seen that the 
maximum values corresponding to above features under N=2755rpm were considerably higher 
than for the other three pump rotational speeds. For further investigation in this study, the 
vibration signal using mean and RMS amplitudes features for the different range of frequencies 
revealed that using low-frequency range between 1kHz and 2kHz was sensitive to predict 
cavitation in the pump. Therefore, it is possible to use an accelerometer with low range of 
frequency. This leads to a decrease in cost for the sensor as compared to when using a sensor 
with a high range of frequency. 
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Research Objective # 7: To detect the cavitation within the pump based on vibration 
technique under different suction valve openings. 
Based on the investigations regarding the effect of different suction valve openings on the 
pump performance and cavitation prediction within a pump using vibration technique, it can 
be concluded that the head of the pump decreases when the inlet suction valve openings 
decreases. This causes cavitation to occur at this point due to reducing the inlet suction pressure 
under water vapour pressure. The vibration signal analysis in the time domain, using different 
statistical features can provide a good indication as to when cavitation has occurred under 
different suction valve openings. The results showed that when the suction valve openings 
decreased, the above values are increased. Also, the frequency domain analysis technique to 
investigate the vibration amplitude was a satisfactory technique to predict the inception and 
development of cavitation within a pump under different suction valve openings. The 
experimental values of various features such as mean and RMS values in frequency domain 
have increased as suction valve openings decreased and the above statistical features have 
increased with the flow rate. 
Research Objective # 8: To study the effect of air injection on the performance of the 
centrifugal pump and detecting cavitation occurrence within a pump based on vibration 
technique.  
Detailed experimental based examinations were carried out regarding the influences of the 
different amounts of air injections on the pump performance and predict cavitation within a 
centrifugal pump using vibration technique. It can be concluded that the air injection within a 
pump has a negative effect due to a decrease in head and caused more unstable flow within a 
pump due to a higher number of bubbles in addition to bubbles being created by the cavitation 
process. Also, the experimental results showed that the pump head decreases as the air injection 
increases in the pump. The use of time domain analysis to analyse the vibration signal can be 
a suitable technique in order to study the effect of air injection in the pump and detect the 
inception and development of cavitation. In addition, frequency domain analysis technique also 
uses the mean and RMS features to analyse the vibration amplitude were a satisfactory 
technique to study the effect of air injection and predict the inception and development of 
cavitation within a pump. The experimental results found that an increase in high vibration 
amplitude in time and frequency domains provides a good indication point to detect cavitation 
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in a centrifugal pump. The low amount of air injection can cause an increase in the vibration 
and noise within a pump. 
Research Objective # 9: To detect cavitation in the centrifugal pump based on acoustic 
technique under different flow rates. 
Detailed experimental based examinations were carried out regarding the influences of the 
different flow rates to predict cavitation within a pump using the acoustic analysis technique. 
It can be concluded that at a flow rate lower than the design flow rate, there is no significant 
change in the characteristics of acoustic signals. Furthermore, there is a significant difference 
in the characteristics of acoustic signals at high flow rates that are higher than 350(l/min), in 
terms of amplitudes of acoustic signals. There are two possible reasons behind this change in 
acoustic signals. The first is due to the high interaction between the impeller and volute and 
the second important one is due to the cavitation process occurring in the pump. This is because 
the NPSHR is higher than NPSHA under high flow rate. The results showed that the level of 
acoustic amplitude was associated directly with the pump flow rate which increases with flow 
rate. It can be concluded that acoustic signals are sensitive to predict cavitation within a pump. 
The results revealed that the effectiveness of using statistical features to analyse acoustic signal 
such as peak and RMS, peak-to-peak and variance values in the time domain for detection of 
cavitation in the pump. In order to obtain more information regarding detection of cavitation 
within a pump, the acoustic signal was converted from time domain analysis to frequency 
domain using FFT. The results revealed that the analysis of acoustic signals in frequency 
domain under different frequencies and using mean and RMS acoustic amplitude values 
provides useful information regarding the prediction of various levels of cavitation within a 
pump. Furthermore, the analysis of variation in the levels of acoustic amplitude within a pump 
under different flow rates, in both time and frequency domains were seen to agree with 
characteristics of cavitation that was presented using NPSH curve in Chapter six. 
Research Objective # 10: To investigate the cavitation in the pump based on acoustic 
technique under various pump rotational speeds. 
Based on the investigations regarding the effect of different pump rotational speeds to predict 
cavitation within a pump using the acoustic technique carried out in this study. It can be 
concluded that the analysis of the acoustic signal in time domain using different statistical 
features indicate that the trends of these features are increased when the pump operates under 
cavitation condition. It can be seen that there are various frequencies in the frequency domain 
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of acoustic signal. These dominant frequencies are rotation frequency and its harmonics and 
the second one is BPF. Other frequencies were due to environmental noise around the pump. 
The experimental results concluded that the for acoustic signals in frequency domain under the 
different range of frequencies, the mean and RMS acoustic amplitude values increase with the 
flow rate and pump rotational speed due to the pump operating under cavitation conditions. As 
a result, the above values provide good information regarding the cavitation prediction in the 
pump. For comparison purposes between features, in time and frequency domains under 
different pump rotational speeds (N=2755, N=2610, N=2320, and N=2030rpm), the maximum 
features values for N=2755rpm are considerably higher than for the other pump rotational 
speeds. Furthermore, the results showed that using low-frequency range between 1kHz and 
2kHz was sensitive to predict cavitation in the pump. Therefore, it possible to use a microphone 
that has a low range of frequency resulting in a reduction in the sensor cost as compared to 
when using the microphone with high range of frequency. 
Research Objective # 11: To detect the cavitation within the pump based on acoustic 
technique under various suction valve openings. 
Based on the investigations regarding the effect of different suction valve openings to predict 
cavitation within a pump using the acoustic technique carried out in this study, it can be 
concluded that when the suction valve openings decrease, it leads to a decrease in the inlet 
suction pressure below water vapour pressure. This causes cavitation to occur within a pump 
and it rapidly increases when the inlet suction pressure continuously decreases. The maximum 
amplitude peak, RMS, peak-to-peak and variance values in the time domain for Q=302(l/min) 
are higher than for flow rates Q=103(l/min), and Q=200(l/min). The results of different features 
such as mean and RMS of acoustic amplitude in frequency domain were increased as suction 
valve openings decreased and the above statistical features were increased with the flow rate. 
Research Objective # 12: To analyse the cavitation in the centrifugal pump based on 
acoustic technique using air injection. 
Based on the investigations regarding the effect of the different amounts of air injections to 
predict cavitation within a centrifugal pump using the acoustic technique as carried out in this 
study, it can be concluded that the acoustic amplitude signal increased with flow rate increasing 
due to the cavitation and the effect of air injection within a pump. When the pump operates 
under cavitation conditions with air injection, the trend of acoustic amplitude was random with 
high peaks as compared to normal conditions. The maximum peak, RMS, peak-to- peak and 
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variance values in time domain decrease as air injection increases and the maximum mean and 
RMS values in frequency domain decrease as air injection increases. Injecting high amounts of 
air within a suction side of the centrifugal pump results in collection of air bubbles to form a 
pocket around the impeller, especially at the eye of the impeller, which leads to hydraulic losses 
in the pump as a result of air binding. 
Research Objective # 13: Comparison between vibration and acoustic techniques in order 
to define the sensitive technique for detecting and diagnosing cavitation in the centrifugal 
pump.  
From the investigations regarding detecting the different level of cavitation within a centrifugal 
pump, the effects of different operation conditions on cavitation were analysed. From the 
results presented in Chapters six and seven the cavitation detection index (CDI) technique was 
used for comparing between vibration and acoustic techniques in order to find the effective 
technique and sensitive frequency range for detecting occurrence of cavitation. In calculating 
the cavitation detection index, the actual values for the different statistical features (peak, RMS, 
peak-to-peak, variance values in time domain and mean, RMS values in frequency domain) 
were divided with the maximum values for the same above features. It can be concluded that 
both vibration and acoustic techniques provide good information regarding detecting cavitation 
in the pump through time domain. However, vibration technique was more sensitive to detect 
inception of cavitation as compared to acoustic technique. Additionally, the analysis for both 
techniques in frequency domain showed that both vibration and acoustic techniques are 
sensitive to detect cavitation at high-frequency range of 10kHz to 15kHz. However, the 
vibration technique was more sensitive to detect inception of cavitation at low-frequency range 
of 1kHz to 2kHz as compared to acoustic technique under different operational conditions. 
Therefore, it can be seen that the use of a sensor with low-frequency range for detecting 
cavitation can reduce the cost of the sensor. Based on the analysis of vibration and acoustic 
signal from the pump in time and frequency domains, it can be seen that it is dependent on 
several operating conditions. It can be observed that these signals are able to identify the pump 
situation, for example, if the pump operated under normal or abnormal operation conditions. 
Furthermore, after using both vibration and acoustic techniques in previous chapters, it can be 
seen that both techniques were effective and capable to detect and diagnose different levels of 
cavitation depending on noise surrounding the pump; if the level of noise is high, the use of 
vibration technique is more effective and sensitive as compared to acoustic technique. 
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8.3. Thesis Contributions  
In this present research work the major contributions in the field of cavitation detection within 
a centrifugal pump are summarised below: 
Contribution # 1 
The first important contributions of this research study regarding centrifugal pump is a 
comprehensive investigation on global and local flow field characteristics within a centrifugal 
pump numerically under single-phase and cavitation conditions. The available literature 
regarding the pressure, velocity, vapour volume fraction distributions and analysis of pressure 
fluctuations in time and frequency domains in the pump are severely limited. CFD code was 
used to carry out extensive investigations on above-mentioned parameters within a centrifugal 
pump under both single-phase and cavitation conditions as mentioned earlier. The results 
showed that the CFD could be used as a useful and effective tool to predict and analyse the 
performance of the pump with reasonable accuracy. In this research, the detailed investigations 
of cavitation characteristics were carried out in order to provide useful information regarding 
the inception and development of cavitation within the pump. In this study, both qualitative 
and quantitative analyses were carried out for various operating conditions and different 
geometrical configurations of a pump under single-phase and cavitation conditions. These 
investigations were performed using CFD based tools in order to establish the inter-dependence 
of various parameters to enable the estimation of the performance characteristics of centrifugal 
pump. Qualitatively analysis was used for the static pressure and velocity magnitude contours 
under single-phase conditions and vapour volume fractions contour under cavitation 
conditions. Whilst quantitative analysis was used for the head and pressure fluctuations in time 
and frequency domains. The influence of different geometrical parameters such as number of 
blades and inlet and outlet impeller diameters were investigated. Based on the extensive 
numerical investigations of these parameters different semi-empirical correlations at different 
impeller geometrical parameters under single-phase and cavitation conditions for the pump 
head and power coefficients were developed. The author believes that the use of the above 
semi-empirical correlations for calculating the head and power coefficients of the pump under 
single-phase and cavitation conditions is novel as no reports in the literature were seen the use 
of these semi-empirical correlations for this purpose. 
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Contribution # 2 
Another contribution in this current study was the design and build of a flow loop pumping 
system of the centrifugal pump. This test rig is capable of studying the characteristic of a pump 
under different operating conditions (normal or abnormal conditions). The design, construction 
and capability of this experimental setup were to determine the pump performance then to 
monitor and detect cavitation phenomenon. This experimental setup can also be used to predict 
any fault within the pump by using different techniques under various operational conditions 
such as various flow rates, different pump rotational speeds, different suction valve openings, 
and using air injection or other operation conditions. Due to this experimental setup including 
different equipment and quite sensitive sensors such as accelerometer, microphone, different 
pressure transducers at inlet and outlet of the pump, thermometer, water flow meter, air flow 
meter, pump rotational speed controller and sensitive data acquisition system were used. 
Therefore, this test rig can be used to investigate characteristics of the pump in a controlled 
manner using various techniques simultaneously such as pressure, vibration, and acoustic. All 
the above-mentioned work was considered as a contribution from this research study to 
students in the research group at the University of Huddersfield. 
Contribution # 3 
In this research study, the detailed investigations of cavitation characteristics within a 
centrifugal pump were carried out using different techniques, such as CFD, vibration and 
acoustic analysis techniques under wide ranges of operating conditions see Chapters 5, 6, and 
7. In order to provide a comprehensive study, useful information and guidance regarding the 
pump performance and detection/diagnostic, different severity of cavitation (inception, 
development and full development) within the pump. This research study has provided a good 
picture and information regarding detection of cavitation numerically and experimentally using 
the above-mentioned techniques. An extensive study to compare and find an adequate 
technique for an accurate and reliable monitoring and detection of cavitation amongst the three 
above-mentioned techniques was carried out. The author believes that the use of the above 
techniques simultaneously for detection of cavitation in the centrifugal pump under a wide 
range of operational conditions, numerically and experimentally, as well as to find sensitive 
and reliable technique for detecting cavitation is an important contribution in this study as no 
reports in the literature were seen for this purpose. For further and extended study with regard 
to early detection of cavitation in the pump using both time and frequency domains. This 
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research study will help future researchers in the same field to define the relative merits of each 
technique or use another technique (strengths and weaknesses) in order to choose the best 
technique for monitoring and diagnosing cavitation in the pump. 
Contribution # 4 
In order to detect the first stages and different levels of cavitation occurrence within a 
centrifugal pump experimentally under different operation conditions (flow rate, pump 
rotational speed, suction valve opening, and air injection), in this research, study was carried 
out for the effectiveness of statistical features, measurements in time and frequency domains. 
Extensive experimental study to compare between these features based on different techniques 
(vibration and acoustic) was carried out in Chapters six and seven. This thesis will help 
researchers for future studies to evaluate and investigate the relative merits of each of these 
features in time and frequency domain analyses or for use on other features (strengths and 
weaknesses) for specific applications to monitor the occurrence of cavitation or any faults in 
the pump.      
Contribution # 5 
In this research, different experimental techniques such as vibration and acoustic were used to 
predict cavitation in frequency domain. These techniques includes the use of different range of 
frequencies, starting from low range of 0Hz-2kHz to high range of between 2kHz to 15kHz in 
order to determine the most sensitive range of frequency for the detection of cavitation within 
a centrifugal pump under different operational conditions. The reason behind using this 
technique is to decrease the computation attempts and reduce the cost of sensors (accelerometer 
and microphone) that were required. Therefore, this research has found that the range of 
frequency between 0Hz and 15kHz was more sensitive to detect cavitation in the pump. 
However, this research also found that the developed tools can be used in the range of 
frequency from 1Hz to 2kHz to detect cavitation and this range was capable and sensitive 
enough to predict cavitation process within a centrifugal pump (see Chapters 6 and 7). Based 
on these findings, it possible to use an accelerometer and microphone with a low range of 
frequency which leads to a decrease in the cost of sensor as compared to when using sensors 
with high range of frequency.  
This thesis will help researchers for future studies to use the same procedure that was used in 
this thesis for detecting cavitation under various frequency ranges through the use of different 
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technique such as acoustic emission (AE) sensor or hydrophone sensor and try to find sensitive 
frequency range for these techniques to detect cavitation in the pump. These results can be 
compared with vibration or acoustic techniques results. 
Contribution # 6 
The main contribution of this experimental work is the use of different techniques such as 
vibration and acoustic towards conditions based on various conditions monitoring, for 
detecting cavitation within a centrifugal pump. It was observed in the current experimental 
study that the use of the above techniques is not only capable of predicting occurrence of 
cavitation but can also be used for future work to detect the different types of the faults within 
a pump due to cavitation or any faults. For further and extended study with regard to detecting 
faults in the pump using both techniques in time and frequency domain analyses. This research 
study will help future researchers in the same field in the research group at the University of 
Huddersfield to define the relative merits of each technique or use another technique (strengths 
and weaknesses) in order to choose the best technique for monitoring and diagnosing faults in 
the pump. 
Contribution # 7 
The use of cavitation detection index (CDI) technique that incorporates normalised features for 
both vibration and acoustic signals in both time and frequency domains proved a good 
indication regarding detection of different levels of cavitation within a centrifugal pump. Based 
on these findings, the vibration and acoustic techniques were found to be sensitive to detect 
cavitation under different operating conditions and different frequency ranges. However, the 
results showed that the vibration technique was more sensitive to detect different levels of 
cavitation (no cavitation, inception, development, and fully development of cavitation) as 
compared to acoustic technique. Furthermore, the use of index with normalised features to 
analyse vibration signal were more effective technique to detect inception of cavitation as 
compared to an acoustic signal. The author believes that the use of above index with normalised 
features for detecting severity of cavitation in the pump in both time and frequency domains is 
an important contribution in this study as no reports in the literature were carried out. 
Contribution # 8 
From comparing the findings of the experimental techniques (vibration in Chapter six and 
acoustic in Chapter seven in both time and frequency domains) and also that of numerical 
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technique using CFD code in Chapter five, it can be suggested that the sensitivity order of the 
above techniques to detect cavitation within a centrifugal pump are as follows: 
1. Numerical simulation results using CFD code 
2. Experimentally using vibration analysis technique 
3. Experimentally using acoustic analysis technique 
The results revealed that the combined use of these techniques, numerically and 
experimentally, could increase the reliability and provide a more robust detection of cavitation 
in the pump. The author believes that the comparison among the three above mentioned 
techniques to find sensitive technique and suggest order of these techniques to detect cavitation 
in the centrifugal pump is an important contribution in this research study as no reports in the 
literature were carried out for this purpose. Furthermore, the numerical and experimental 
results that were obtained in the current research can provide detailed information and 
guidelines on prediction of the pump’s performance and detection/diagnosis of cavitation 
within a centrifugal pump under a wide range of operation conditions. 
Based on the results in this thesis, the proposed procedure can be used for further and extended 
work to detect cavitation in different types of pumps. Likewise, the same techniques (CFD, 
vibration, and acoustic) under wide range of operation conditions and geometrical parameters 
can be used in the analysing as well. Hence, different relationships or charts could be generated 
between operational and geometrical parameters through vibrational and acoustical analyses of 
signals based on experimental data. That can be achieved in both time and frequency domains 
analyses. Additionally, depending on the CFD results different semi-empirical correlations can 
be developed using a wide range of operational and geometrical variables with the aid of 
multiple regression analysis technique. 
8.4. Thesis Novelties 
The main novelties of the present work are presented below: 
1. A wide and comprehensive investigation on global and local flow field characteristics within 
a centrifugal pump using both qualitative and quantitative analyses were carried out for 
various operating conditions and different geometrical configurations. Moreover, different 
semi-empirical equations were developed to estimate the head and power coefficients for 
the pump under single-phase and cavitation conditions. 
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2. A very wide range of investigations of cavitation characteristics within a centrifugal pump 
were carried out experimentally using vibration and acoustic analyses techniques under 
varied ranges of operating conditions and frequency. Furthermore, the study revealed that 
cavitation detection index (CDI) technique is a powerful tool, which can be used in both 
time and frequency domains for detecting the cavitation and comparing the sensitivity of 
the vibration and acoustic technique in estimating earlier stage of cavitation.  
3. A study was conducted to compare usefulness of the different techniques (numerically using 
CFD and experimentally using vibration and acoustic), which were used simultaneously for 
detection of cavitation in the pump under a wide range of operational conditions. It was 
found that the CFD and vibration techniques are effective to detect the inception of 
cavitation within a pump earlier than the acoustic technique.  
8.5. Future Work 
For further work which is related to detecting cavitation within a centrifugal pump are 
described below:  
1. This study has used the closed type impeller in the centrifugal pump to obtain more 
information regarding the cavitation within a pump and to extend the research, it can be used 
for various kinds of impellers such as open type and semi-open type. Therefore, the same 
research can be repeated using the above types of impellers and the same techniques applied 
as those that were used in this thesis, such as CFD, vibration, and acoustic techniques. 
2. Repeating the experimental measurements using different ways to simulate the cavitation 
within a centrifugal pump. Such as decreasing, the water pressure at the suction side through 
the use of vacuum pump or study the effect of increasing the water temperature using a 
heater inside the water tank then applied different techniques such as CFD, vibration and 
acoustic techniques in order to investigate the cavitation in the pump. 
3. Light sources and high-speed camera can be used to provide visual observation to predict 
the inception and development of cavitation in a centrifugal pump. The results can be 
compared with different techniques such as CFD, vibration and acoustics to find sensitive 
technique.  
4. The strategy of the condition monitoring based on health monitoring and fault prediction is 
essential for centrifugal pumps. This leads to decrease in maintenance costs and hence avoid 
any structural damage in the pump. Such condition monitoring system includes detection 
models that link the severity of faults to the performance of the centrifugal pump. This kind 
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of research study can be carried out using different techniques such as CFD tools, vibration 
and acoustic technique 
5. The main aim of this study is to predict the inception and development of cavitation 
occurrence within a centrifugal pump through the use of various techniques. For future 
research, to use the transparent casing (volute) for the experimental setup of the centrifugal 
pump in order to obtain more information and a better understanding regarding the 
occurrence of cavitation and to use the same techniques as stated above or another technique 
can be attempted. 
6. This study has used different techniques to detect cavitation within a centrifugal pump as 
shown in previous chapters. Therefore, to extend the research, it can be proposed to use the 
above techniques as well as other techniques to develop the monitoring diagnosis system 
experimentally using vibration, acoustic, hydrophone and acoustic emission sensors. Also, 
other techniques such as monitoring motor current and voltage as well as detection of 
cavitation numerically, using CFD code may be considered equally valid for different types 
of pumps. Additionally, in order to avoid or prevent a pump from occurrence of cavitation 
process, the initiating of an alarm to connect with the level of vibration and acoustic 
amplitudes signals, using the electrical control system can be attempted.   
7. The majority of studies in centrifugal pumps concentrates on water as the working fluid, but 
centrifugal pumps are also used for different applications such as in sewage treatment plants, 
gas scrubbing and petroleum industries etc. Therefore, for further work, the effect of 
different working fluid on performance of the pump and detection of cavitation using the 
same techniques that were used in this research study could be considered.  
8. For future research, it can be used various types of inducers in order to decrease or attempt 
to prevent a centrifugal pump from cavitation through applied different techniques such as 
CFD, vibration and acoustic. 
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10. APPENDIX A 
 
 y+ calculation for different centrifugal parts under different flow rates 
 
Table A.1 Summarises the calculation of y+ for volute 
No. Flow 
 rate 
Density Kinematic  
viscosity 
Shear  
stress 
u* y y+ 
 (l/min) (kg/m3) m2/s *10-6 Pa  (m) (-) 
1 100 998.2 1.004 106.28 0.326 0.00009 29.24 
2 150 998.2 1.004 155.40 0.394 0.000077 30.26 
3 200 998.2 1.004 196.17 0.443 0.00007 30.90 
4 250 998.2 1.004 226.07 0.475 0.000063 29.86 
5 300 998.2 1.004 245.97 0.496 0.00006 29.66 
6 320 998.2 1.004 255.50 0.505 0.000062 31.24 
 
Table A.2 Summarises the calculation of y+ for inlet pipe 
No. Flow  
rate 
Density Kinematic 
viscosity 
Shear  
stress 
u* y y+ 
 (l/min) (kg/m3) m2/s *10-6 Pa  (m) (-) 
1 100 998.2 1.004 2.84 0.053 0.0006 31.87 
2 150 998.2 1.004 5.05 0.071 0.00043 30.46 
3 200 998.2 1.004 8 0.089 0.00038 33.88 
4 250 998.2 1.004 11.76 0.108 0.00027 29.18 
5 300 998.2 1.004 16.01 0.126 0.00025 31.52 
6 320 998.2 1.004 17.80 0.133 0.00023 30.59 
 
Table A.3 Summarises the calculation of y+ for outlet pipe 
No. Flow 
 rate 
Density Kinematic  
viscosity 
Shear  
stress 
u* y y+ 
 (l/min) (kg/m3) m2/s *10-6 Pa  (m) (-) 
1 100 998.2 1.004 8.52 0.092 0.00032 29.44 
2 150 998.2 1.004 22.8 0.151 0.00022 33.11 
3 200 998.2 1.004 36.28 0.190 0.00017 32.28 
4 250 998.2 1.004 51.37 0.226 0.00013 29.37 
5 300 998.2 1.004 70.85 0.266 0.00012 31.84 
6 320 998.2 1.004 77.40 0.278 0.00011 30.50 
 
 y+ sensitivity 
 
Table A.4 Summarises the calculation of y+ sensitivity for impeller 
No. Flow  
rate 
Density Kinematic  
Viscosity 
Shear 
 stress 
u* y y+ 
 (l/min) (kg/m3) m2/s *10-6 Pa  (m) (-) 
1 300 998.2 1.004 339.90 0.583 0.000035 20.34 
2 300 998.2 1.004 342.96 0.586 0.000052 30.35 
3 300 998.2 1.004 344.99 0.587 0.00007 40.98 
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Table A.5 Summarises the calculation of y+ sensitivity for volute 
No. Flow  
rate 
Density Kinematic  
Viscosity 
Shear  
stress 
u* y y+ 
 (l/min) (kg/m3) m2/s *10-6 Pa  (m) (-) 
1 300 998.2 1.004 236.59 0.486 0.000041 19.88 
2 300 998.2 1.004 245.97 0.496 0.00006 29.66 
3 300 998.2 1.004 252.67 0.503 0.000085 42.59 
 
Table A.6 Summarises the calculation of y+ sensitivity for inlet pipe 
No. Flow 
 rate 
Density Kinematic  
Viscosity 
Shear 
 stress 
u* y y+ 
 (l/min) (kg/m3) m2/s *10-6 Pa  (m) (-) 
1 300 998.2 1.004 15.90 0.126 0.00016 20.11 
2 300 998.2 1.004 16.01 0.126 0.00025 31.52 
3 300 998.2 1.004 15.61 0.126 0.00033 41.48 
 
Table A.7 Summarises the calculation of y+ sensitivity for outlet pipe 
No. Flow 
rate 
Density Kinematic 
Viscosity 
Shear 
stress 
u* y y+ 
 (l/min) (kg/m3) m2/s *10-6 Pa  (m) (-) 
1 300 998.2 1.004 66.77 0.258 0.000075 19.32 
2 300 998.2 1.004 70.85 0.266 0.00012 31.84 
3 300 998.2 1.004 74.66 0.273 0.00016 43.58 
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11. APPENDIX B 
 
 Table B-1 Details of piping system components 
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Operating flow loop for the centrifugal pump 
To operate the centrifugal pump, follow the below next stages:  
1. Fill the main water tank  
2. Make sure that the main switch is off and choose pump the 4kW has a red plug  
3. Check flow loop system, check all valves and pressure taps in the flow loop 
4. Plug the pump socket into the power supply provided by lifting the red lid up and carefully 
plug it as shown in the figure B-1 (a) below. 
5. Turn on the below switch of the socket as shown in the figure B-1 (b)  
6. Switch on the main wall power supply on as it is shown in B-1 (c) below 
   
(a)                                                (b)                                          (c) 
Figure B-1 shows (a) Plugging the pump into the socket, (b) Plugging the pump into the 
socket and switch it on, (c) The main wall power supply switch 
7. Go to the main control panel and switch the power supply on 
8. Wait for the control panel to warm up before doing the next step. 
9. Wait to show the massage in the Parker control panel as shown in the figure below 
10. Double check the flow loop and everything is set for experiment 
11. Select motor current from the Parker control panel through the use of key M then press 
the key after  
12. Change the motor current to 8.9A by using key M by through using the Up/Down keys  
    
(a)                                                (b)                                          (c) 
Figure B-2 shows (a) Motor drive Parker control panel, (b) Select parameters from the motor 
control panel, (c) Change the motor current 
 
13. Then press (Escape) Key E 
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14. In order to select the number of steps Using the touch screen as shown below  
15. Click key Next  
16. Go to operator screen then click set-up as shown in the figure below 
17. Select the number of steps required  
   
(a)                                                (b)                                          (c) 
Figure B-2 shows (a) The main control panel touch screen, (b) The main control panel touch 
screen, (c)  Number of steps required 
18. Insert the time laps and the speed percentage in the recipe screen  
  
Figure B-10 Time laps and speed percentage 
19. Go to operator screen and select the auto and flow then change the set point for example, 
to 800 this mean the rotational speed of the pump is 50%  
 
Figure B-11 The main control panel touch screen 
20. Select Start from the main touch screen to start up the pump 
21. It can be changed the rotational speed of the pump by change the set point for example 
800 = 50%, 1200=75%, and 1440=90%  
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22. To stop the running of the pump, press stop key in the main touch screen operator in the 
control panel then switch off the main control panel, switch off pump socket and finally 
switch off the main power supply. 
23. After finishing experiment, switch off all the main power supplies and unplug the socket 
24. Shut all the valves in the loop and clean up any water spillage around the floor in the 
bund area 
25. Empty the water tank 
Centrifugal Pump Type F32/200AH Pedrollo 
 
Figure B.12 Centrifugal pump type F32/200AH Pedrollo  
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Curves and Performance Data at Pump Rotational Speed N=2900rpm 
 
Figure B.13 Centrifugal pump preformance curves data from pedrollo company at rotational 
speed N=2900rpm, and inlet and outlet diameters 50mm, 32mm 
Centrifugal Pump Components  
 
Figure B.14 Centrifugal pump components  
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Centrifugal Pump Components (Constraction Characteristics) 
 
Figure B.15 Centrifugal pump components and specification  
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Centrifugal Pump Dimensions and Specifications 
 
Figure B.16 Centrifugal pump dimensions 
Centrifugal Pump Absorption (Model and Voltage) 
 
Figure B.17 Centrifugal pump specifications 
 APPENDIX C 
EXPERIMENTAL AND NUMERICAL INVESTIGATIONS ON THE CAVITATION PHENOMENON IN A CENTRIFUGAL PUMP                                     
BY AHMED AL-OBAIDI, SCHOOL OF COMPUTING & ENGINEERING, UNIVERSITY OF HUDDERSFIELD, UK (2018) 
351 
 
12. APPENDIX C 
 
Table C.1 Head coefficient of the centrifugal pump under various impeller geometrical 
parameters at single-phase 
H 
CFD 
CH 
CFD 
H 
equation 
CH 
equation 
Z do di H CH 
(m) (-) (m) (-) (-) (m) (m) (%) (%) 
31.80 0.093 32.37 0.095 3 0.2 0.025 -1.78 1.75 
33.02 0.097 34.26 0.101 4 0.2 0.025 -3.76 3.63 
33.60 0.099 35.80 0.105 5 0.2 0.025 -6.54 6.14 
34.94 0.093 34.09 0.091 3 0.21 0.025 2.42 -2.48 
38.19 0.102 36.08 0.096 4 0.21 0.025 5.53 -5.85 
39.34 0.105 37.70 0.100 5 0.21 0.025 4.15 -4.33 
34.73 0.084 35.81 0.087 3 0.22 0.025 -3.11 3.02 
37.99 0.092 37.90 0.092 4 0.22 0.025 0.24 -0.24 
39.13 0.095 39.61 0.096 5 0.22 0.025 -1.21 1.19 
31.51 0.092 32.02 0.094 3 0.2 0.03 -1.61 1.59 
32.77 0.096 33.89 0.099 4 0.2 0.03 -3.41 3.30 
33.73 0.099 35.42 0.104 5 0.2 0.03 -4.98 4.74 
34.82 0.093 33.72 0.090 3 0.21 0.03 3.16 -3.26 
37.89 0.101 35.69 0.095 4 0.21 0.03 5.80 -6.16 
38.83 0.103 37.29 0.099 5 0.21 0.03 3.94 -4.10 
34.66 0.084 35.43 0.086 3 0.22 0.03 -2.21 2.16 
37.64 0.091 37.49 0.091 4 0.22 0.03 0.38 -0.38 
38.75 0.094 39.18 0.095 5 0.22 0.03 -1.11 1.09 
31.02 0.091 31.73 0.093 3 0.2 0.035 -2.28 2.23 
32.63 0.096 33.58 0.099 4 0.2 0.035 -2.92 2.84 
33.79 0.099 35.09 0.103 5 0.2 0.035 -3.85 3.71 
34.57 0.092 33.41 0.089 3 0.21 0.035 3.35 -3.47 
37.52 0.100 35.36 0.094 4 0.21 0.035 5.74 -6.08 
38.60 0.103 36.95 0.098 5 0.21 0.035 4.25 -4.44 
34.31 0.083 35.10 0.085 3 0.22 0.035 -2.30 2.25 
37.57 0.091 37.15 0.090 4 0.22 0.035 1.10 -1.11 
38.59 0.094 38.82 0.094 5 0.22 0.035 -0.61 0.60 
Table C.2 Power coefficient of the centrifugal pump under various impeller geometrical 
parameters at single-phase 
P 
CFD 
CP 
CFD 
P 
 equation 
CP 
equation 
Z do di P CP 
(kw) (-) (kw) (-) (-) (m) (m) (%) (%) 
2.521 0.0003 2.669 0.00034 3 0.2 0.025 -5.88 -5.68 
2.383 0.00031 2.819 0.00036 4 0.2 0.025 -18.27 -18.05 
2.774 0.00036 2.940 0.00038 5 0.2 0.025 -6.01 -5.81 
2.77 0.00028 2.677 0.00027 3 0.21 0.025 3.48 3.66 
2.398 0.00024 2.827 0.00028 4 0.21 0.025 -17.87 -17.65 
3.095 0.00031 2.949 0.00030 5 0.21 0.025 4.72 4.89 
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2.873 0.00023 2.684 0.00021 3 0.22 0.025 6.56 6.74 
3.074 0.00024 2.834 0.00022 4 0.22 0.025 7.78 7.95 
3.162 0.00025 2.957 0.00023 5 0.22 0.025 6.50 6.67 
2.519 0.00032 2.641 0.00034 3 0.2 0.03 -4.87 -4.67 
2.364 0.00030 2.789 0.00036 4 0.2 0.03 -17.96 -17.74 
2.789 0.00036 2.910 0.00037 5 0.2 0.03 -4.31 -4.11 
2.773 0.00028 2.649 0.00027 3 0.21 0.03 4.49 4.67 
2.974 0.000303 2.797 0.00028 4 0.21 0.03 5.93 6.11 
3.085 0.00031 2.918 0.00029 5 0.21 0.03 5.41 5.59 
2.875 0.00023 2.656 0.00021 3 0.22 0.03 7.60 7.77 
3.068 0.00024 2.805 0.00022 4 0.22 0.03 8.57 8.74 
3.157 0.00025# 2.926 0.00023 5 0.22 0.03 7.33 7.51 
2.518 0.00032 2.618 0.00034 3 0.2 0.035 -3.95 -3.75 
2.398 0.00031 2.765 0.00036 4 0.2 0.035 -15.2 -15.07 
2.814 0.00036 2.884 0.00037 5 0.2 0.035 -2.48 -2.29 
2.785 0.00028 2.625 0.00026 3 0.21 0.035 5.74 5.91 
2.977 0.00030 2.772 0.00028 4 0.21 0.035 6.86 7.04 
3.091 0.00031 2.89 0.00029 5 0.21 0.035 6.42 6.60 
2.879 0.00023 2.632 0.00021 3 0.22 0.035 8.57 8.74 
3.075 0.00024 2.780 0.00022 4 0.22 0.035 9.60 9.77 
3.161 0.00025 2.900 0.00023 5 0.22 0.035 8.25 8.42 
Table C.3 Head coefficient of the centrifugal pump under various impeller geometrical 
parameters at cavitation condition 
H 
CFD 
CH 
CFD 
H 
 equation 
CH 
equation 
Z do di H CH 
(m) (-) (m) (-) (-) (m) (m) (%) (%) 
31.53 0.092 31.86 0.093 3 0.2 0.025 -1.04 1.03 
30.81 0.090 33.41 0.098 4 0.2 0.025 -8.45 7.79 
32.73 0.096 34.67 0.102 5 0.2 0.025 -5.91 5.58 
34.25 0.091 33.59 0.089 3 0.21 0.025 1.94 -1.98 
36.86 0.098 35.22 0.094 4 0.21 0.025 4.44 -4.65 
37.65 0.101 36.54 0.097 5 0.21 0.025 2.94 -3.02 
34.53 0.084 35.32 0.086 3 0.22 0.025 -2.28 2.22 
37.47 0.091 37.03 0.090 4 0.22 0.025 1.14 -1.16 
38.37 0.093 38.43 0.093 5 0.22 0.025 -0.13 0.13 
31.13 0.091 31.40 0.092 3 0.2 0.03 -0.89 0.88 
30.67 0.090 32.93 0.097 4 0.2 0.03 -7.39 6.88 
32.77 0.096 34.17 0.101 5 0.2 0.03 -4.28 4.10 
34.10 0.091 33.10 0.088 3 0.21 0.03 2.91 -2.99 
36.62 0.097 34.71 0.092 4 0.21 0.03 5.20 -5.49 
37.30 0.099 36.02 0.096 5 0.21 0.03 3.43 -3.55 
34.30 0.083 34.81 0.084 3 0.22 0.03 -1.46 1.44 
37.29 0.090 36.50 0.088 4 0.22 0.03 2.12 -2.16 
38.25 0.093 37.87 0.092 5 0.22 0.03 0.99 -1.01 
30.73 0.091 31.02 0.091 3 0.2 0.035 -0.93 0.92 
30.49 0.089 32.53 0.095 4 0.2 0.035 -6.67 6.26 
32.57 0.095 33.75 0.099 5 0.2 0.035 -3.62 3.49 
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33.76 0.090 32.70 0.087 3 0.21 0.035 3.13 -3.23 
36.15 0.096 34.29 0.091 4 0.21 0.035 5.13 -5.41 
37.20 0.099 35.58 0.095 5 0.21 0.035 4.34 -4.54 
33.96 0.082 34.38 0.083 3 0.22 0.035 -1.23 1.22 
36.99 0.090 36.06 0.087 4 0.22 0.035 2.53 -2.59 
38.20 0.093 37.41 0.091 5 0.22 0.035 2.07 -2.11 
Table C.4 Power coefficient of the centrifugal pump under various impeller geometrical 
parameters at cavitation condition 
P 
CFD 
CP 
CFD 
P 
 equation 
CP 
equation 
Z do di P CP 
(kW) (-) (kW) (-) (-) (m) (m) (%) (%) 
2.258 0.000294 2.637 0.000343 3 0.2 0.025 -16.78 -16.56 
2.319 0.000302 2.799 0.000364 4 0.2 0.025 -17.73 -17.50 
2.724 0.000355 2.932 0.000382 5 0.2 0.025 -7.65 -7.45 
2.744 0.000280 2.649 0.000270 3 0.21 0.025 3.45 3.63 
2.915 0.000297 2.812 0.000287 4 0.21 0.025 3.52 3.70 
3.025 0.000309 2.946 0.000300 5 0.21 0.025 2.64 2.82 
2.838 0.000229 2.660 0.000215 3 0.22 0.025 6.25 6.43 
3.033 0.000245 2.824 0.000228 4 0.22 0.025 6.86 7.04 
3.068 0.000248 2.958 0.000239 5 0.22 0.025 3.56 3.74 
2.469 0.000321 2.593 0.000337 3 0.2 0.03 -4.99 -4.79 
2.377 0.000309 2.752 0.000358 4 0.2 0.03 -15.80 -15.59 
2.733 0.000356 2.883 0.000375 5 0.2 0.03 -5.49 -5.29 
2.742 0.000280 2.604 0.000266 3 0.21 0.03 5.02 5.19 
2.913 0.000297 2.765 0.000282 4 0.21 0.03 5.08 5.25 
3.028 0.000309 2.896 0.000295 5 0.21 0.03 4.34 4.52 
2.834 0.000229 2.616 0.000211 3 0.22 0.03 7.68 7.85 
3.033 0.000245 2.777 0.000224 4 0.22 0.03 8.43 8.60 
3.086 0.000249 2.909 0.000235 5 0.22 0.03 5.75 5.93 
2.454 0.000319 2.556 0.000333 3 0.2 0.035 -4.13 -3.94 
2.391 0.000311 2.713 0.000353 4 0.2 0.035 -13.47 -13.26 
2.758 0.000359 2.842 0.00037 5 0.2 0.035 -3.03 -2.84 
2.741 0.000279 2.567 0.000262 3 0.21 0.035 6.33 6.51 
2.914 0.000297 2.726 0.000278 4 0.21 0.035 6.44 6.62 
3.035 0.000309 2.855 0.000291 5 0.21 0.035 5.92 6.09 
2.839 0.000229 2.579 0.000208 3 0.22 0.035 9.15 9.32 
3.048 0.000246 2.737 0.000221 4 0.22 0.035 10.17 10.34 
3.151 0.000255 2.867 0.000232 5 0.22 0.035 8.99 9.16 
Table C.5 Statistical analysis results of the pump head under various impeller geometrical 
parameters at single-phase 
Inlet  
impeller 
diameter 
Outlet  
impeller 
diameter 
No. of  
impeller  
blades 
 
Head avge. 
 
Head  min. 
 
Head max. 
 
Head     
  (max.-min.) 
(mm) (mm) (-) (m) (m) (m) (m) 
 
 
 
200 
3 31.80 28.69 34.30 5.609 
4 33.02 31.19 34.61 3.412 
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25 
5 33.60 32.25 34.83 2.577 
 
210 
3 34.94 31.46 37.75 6.289 
4 38.19 35.89 40.19 4.297 
5 39.34 38.01 40.54 2.542 
 
220 
3 34.73 30.07 37.93 7.859 
4 37.99 34.65 40.46 5.811 
5 39.13 36.97 40.74 3.778 
 
 
 
 
30 
 
200 
3 31.51 28.36 34.01 5.638 
4 32.77 30.96 34.38 3.425 
5 33.73 32.32 35.05 2.728 
 
210 
3 34.82 31.33 37.64 6.307 
4 37.89 35.58 39.87 4.284 
5 38.83 37.49 39.98 2.485 
 
220 
3 34.66 30.06 37.79 7.724 
4 37.64 34.20 39.98 5.785 
5 38.75 36.50 40.50 4.005 
 
 
 
 
35 
 
200 
3 31.02 27.89 33.47 5.587 
4 32.63 30.79 34.26 3.470 
5 33.79 32.48 34.95 2.467 
 
210 
3 34.57 31.14 37.33 6.186 
4 37.52 35.24 39.49 4.248 
5 38.60 37.26 39.78 2.522 
 
220 
3 34.31 29.72 37.44 7.721 
4 37.57 34.19 39.94 5.758 
5 38.59 36.41 40.21 3.798 
Table C.6 Statistical analysis results of the pump head under various impeller geometrical 
parameters at cavitation conditions 
Inlet  
impeller 
diameter 
Outlet  
impeller 
diameter 
No. of  
impeller  
blades 
 
Head avge. 
 
Head  min. 
 
Head max. 
 
Head      
 (max.-min.) 
(mm) (mm) (-) (m) (m) (m) (m) 
 
 
 
 
25 
 
200 
3 31.53 28.28 33.91 5.626 
4 30.81 28.53 32.77 4.244 
5 32.73 31.40 34.08 2.680 
 
210 
3 34.25 30.60 37.08 6.480 
4 36.86 34.21 39.13 4.919 
5 37.65 36.48 38.82 2.338 
 
220 
3 34.53 29.74 37.44 7.705 
4 37.47 34.91 39.48 4.575 
5 38.37 36.55 39.73 3.174 
 
 
 
 
30 
 
200 
3 31.13 28.03 33.38 5.357 
4 30.67 28.39 32.62 4.235 
5 32.77 31.52 34.07 2.552 
 
210 
3 34.10 30.13 37.01 6.863 
4 36.62 33.66 38.57 4.908 
5 37.30 35.98 38.33 2.344 
 3 34.30 30.90 37.12 6.215 
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220 4 37.29 34.40 39.31 4.916 
5 38.25 36.37 39.49 3.111 
 
 
 
 
35 
 
200 
3 30.73 28.25 33.01 4.751 
4 30.49 28.58 32.11 3.524 
5 32.57 31.29 33.77 2.477 
 
210 
3 33.76 30.23 36.18 5.943 
4 36.15 33.68 38.04 4.359 
5 37.20 35.96 38.34 2.378 
 
220 
3 33.96 30.38 36.69 6.309 
4 36.99 34.52 38.918 4.392 
5 38.20 36.39 39.71 3.315 
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13. APPENDIX D 
 
The accelerometer qualification certification 
 
Calibration chart for the microphone sensor  
 
Specification of ICP microphone preamplifier 
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Calibration certificate for the pressure transducer (range 0-10bar) 
 
Calibration certificate for the pressure transducer (range 0-5bar) 
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